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Abstract 
“Identifying and building a sustainable energy system are two of the most critical issues for any modern 
society. Ideally, current energy system, based mostly on fossil fuels, which have limited supply and 
considerable negative environmental impact, would be replaced with a system based on a renewable fuel. 
Hydrogen, as an energy carrier primarily derived from water, can address the issues of sustainability, 
environmental emissions, and energy security. Hydrogen is the most abundant element in the universe, burns 
clean, producing only water and has the highest energy density per unit mass. This is why hydrogen is 
considered most suitable to replace fossil fuels as the primary energy material for the mobile industry”.
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Despite its great potential, the storage of hydrogen at reasonable energy densities poses 
several technical and economic challenges. Current hydrogen storage systems involve 
compressed hydrogen gas tanks, liquid hydrogen tanks, cryogenic compressed hydrogen, 
high-surface-area adsorbents, metal hydrides, and chemical hydrogen storage materials. 
The main differences between these systems are based on hydrogen storage capabilities, on 
the security of individual systems and on their costs. In recent years, current research 
efforts are focused on materials and chemical approaches, where the chemical bonding 
between hydrogen and other elements increases the volumetric density beyond the liquid 
state. In particular, new nanostructured materials and composites with high hydrogen 
storage capacity in a reversible way and lower desorption temperature are necessary. 
Nanostructured palladium is one of the most investigated as a model system for the 
comprehension of the atoms and molecules interactions with metal surfaces. However, its 
low hydrogen storage capability represents a strong limitation in onboard applications. In 
the last few years, particular attention was given to a group of Mg-based metal hydrides, 
which present a reversible hydrogen capacity up to 7.6wt%. In this context, air-stable 
magnesium nanocomposites, providing rapid and high-capacity hydrogen storage without 
using heavy-metal catalysts, are highly desirable. 
In this thesis has been proposed an innovative method for the nanocomposites Mg-based 
materials preparation, which is based on the thermolysis of an organometallic compound, 
the bis(η5-cyclopentadienyl)magnesium(II) (Cp2Mg), previously embedded in a soluble 
polymer matrix.  
                                                 
1 Extract from “V.A. Blagojević, D.G. Minić, J.G. Novaković, D.M. Minić, Hydrogen Economy: Modern 
Concepts, Challenges and Perspectives, in: Hydrog. Energy - Challenges Perspect., 2012: pp. 3–28. 
doi:10.5772/46098.” 
 In Chapter 1, an overview of the “hydrogen storage technologies”, with a particular 
attention toward the hydrogen storage systems, is reported. Early hydrogen storage systems 
based on physical approaches, such as compressed gas (CGH2) and liquid (LH2), have 
been illustrated. Although these systems are the most mature physical storage technologies, 
and most prototypes of fuel-cell-powered cars use one of them, the presence of some 
important problems restricts their use. In particular the safety, due to the explosive 
mixtures of hydrogen with air, and the costs, to compress or liquefy the gas, represents a 
limit for their large-scale use. For these reasons the hydrogen storage systems material-
based have been introduced. After a brief introduction of the hydrogen-material 
interactions, the physical and chemical hydrogen interactions with solid matters are 
explained. In addition, the hydrogen storage capacity of such systems material-based has 
been reported. The hydriding mechanism details, the hydrogen storage capabilities and the 
literature state of the art of these systems are supplied. A particular attention is devoted to 
the nanostructured materials for their special properties, linked to their reduced sizes, 
which results to be better than of the bulk materials.  
Chapter 2 focuses on the nanostructured materials (NSMs), especially on the metallic 
nanopowders class (MNPs), as amazing candidates for hydrogen storage applications. 
Starting with a brief description of NSMs synthesis strategies has been subsequently 
introduced an overview of the common synthetic approaches for the MNP production. 
These approaches are grouped into physical and chemical approaches. Several synthetic 
techniques are described, with their potential and disadvantages features. It has been 
explained how, by using chemical approaches, it is possible to obtain a powerful material 
with tailored properties for specific advanced technological applications. Among the 
chemical techniques, it is described the colloidal chemistry, which has been extensively 
used to synthesize metallic nanoclusters with controlled morphology and narrow size 
distributions. This control takes place thanks to a good control of the nucleation and 
growth processes, allowed by using this technique. Finally is described the thermal 
decomposition process (or thermolysis), a technique widely used in several industrial 
fields.  
Chapter 3 concerns the experimental synthesis and characterization of palladium clusters 
by polyol reduction of [PdCl4]
2-
 ions. A very simple synthetic approach has been proposed. 
The experimental work is divided into three sections. In the first section is described the 
study of the chemical reduction process of different palladium salts in EG, without the use 
 of the surface stabilizer. Many investigations have been performed in order to find a 
suitable precursor, able to completely dissolve in the polyol liquid before its reduction. 
Among the different salts, the dissolution and reduction processes of potassium 
tetrachloropalladate (II) K2PdCl4 in the alcohol were resulted to be subsequent and non-
concomitant phenomena. For these reasons, this salt has been successively used for the 
palladium nanoparticle production. In the second section, the chemical reduction of 
K2PdCl4 in the ethylene glycol, in the presence of the surface stabilizers, is performed. In 
particular, the temperature effects on the palladium nanoparticles formation have been 
evaluated. Extremely small crystals of about 3nm and equally distributed in the polymer 
have been obtained. In the last section, a deep investigation of palladium nanocomposites 
with different ex-situ techniques is reported.  
In Chapter 4, an innovative method for the synthesis of nanostructured magnesium 
composites into a poly(methyl methacrylate) (PMMA) matrix have been presented. The 
proposed synthetic approach consists of two consecutive stages. The first concerns the 
precursor/polymer blend preparation by a “solvent mediated method”, wherein the starting 
reagents are mixed in solid state by using of a suitable solvent. The second stage involves 
the thermal decomposition (or thermolysis) of such precursor-embedded into the polymer 
blend. The most important problems concerning the use of such magnesium compounds 
are their high air reactivity (spontaneous ignition) and their oxidation phenomena. For this 
reason, the reactions involving the magnesium compounds, as the Cp2Mg precursor, have 
been performed in the inert atmosphere of gas. Several characterization techniques have 
been exploited to identify the phase produced. Early results obtained from the 
spectroscopic characterizations (XPS) have allowed to establish that the magnesium 
produced in PMMA was almost completely oxidized. The morphological (TEM) and 
structural (STEM) investigations has revealed the presence of magnesium nanocrystals of 
about 2nm, completely oxidized. 
Chapter 5 concerns the synthesis and characterization of nanostructured magnesium 
composites into a polyetherimide (PEI) matrix. The work essentially done in this chapter 
concerns the improvement of the synthesis proposed in the previous chapter, by changing 
the polymeric matrix and the thermolysis process. In particular, a new high-performance 
amorphous thermoplastic polymer, named polyetherimide (PEI), was been used. The 
thermal annealing has been carried out in a tubular oven, under nitrogen flow. A careful 
design of a sample transport device has been carried out, in order to guarantee always an 
 inert nitrogen atmosphere to the sample. The high thermal stability of the matrix, as well as 
the more homogeneous and controlled heating treatment, has allowed a better control of 
the new nanocomposite class preparation. The Mg/PEI nanocomposites spectroscopic 
characterization (XPS) has shown the presence of a metallic and oxidized magnesium 
mixture on the nanocomposite surface. Very interesting results are supplied by the high-
resolution scanning transmission electron microscopy. In particular, the High Angular 
Annular Dark Field (HAADF) micrographs shows the presences of aggregates of 
nanoparticles of about 20 nm, made of smaller nanocrystals of about 5 nm sizes. Simulated 
diffraction analysis performed on a HAADF micrograph (HAADF-STEM) for the single 
nanocrystal, has allowed to identify a core-shell structure in which a magnesium metallic 
core was covered by a layer made of oxygen and others impurities, coming from the 
solvent used. The presence of a metallic core and an oxide shell indicates that magnesium 
has passed through the metal formation. However, the magnesium is a reactive metal and 
probably, during the sample preparation for the analysis, oxidation phenomena occurs. It 
should also be pointed out that the reduced dimensions of the metal produced, and hence 
the nanostructuring effects, amplify the interface phenomena and therefore the oxidation. 
However, several surface oxygen removal processes are known, such as hydrogen 
fluorination or hydrogenation processes. The future research activity, after the final 
discussion of the thesis, will be about the removal of oxide layer and, if successful, the 
hydrogenation/dehydrogenation tests. 
Concluding remarks and future perspectives are summarized in the Conclusions chapter. In 
the two following appendixes, a detailed description of the manipulation of air sensitive 
compounds (Appendix A) and the advanced characterization techniques employed 
(Appendix B) are given. 
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Chapter 1 
Hydrogen storage technologies 
 
1.1. Hydrogen as clean and renewable energy carrier 
Hydrogen has been identified as an attractive energy carrier for future systems for both 
transportation and stationary applications and has the potential to reduce greenhouse 
emission and pollution that have been plaguing mankind since the beginning of the 
industrial revolution [1]. Hydrogen has fascinated generations of people for centuries like 
Jules Verne, that in the novel “The Mysterious Island” of 1874 has wrote [2]: 
 
“I believe that water will one day be employed as fuel, that hydrogen and oxygen which 
constitute it, used singly or together, will furnish an inexhaustible source of heat and light, 
of an intensity of which coal is not capable.” 
 
As already suggested long time ago by Jules Verne, it is clear that hydrogen is not 
available on Earth as a primary fuel, most of hydrogen exist as H2O or bounded to C in 
liquid or gaseous hydrocarbons [1]. Energy is therefore needed to produce hydrogen. In 
fact it cannot be classified as renewable sources rather as an energy carrier produced from 
primary sources as fossil fuels and renewable sources. The hydrogen technology and 
economy are linked to the production, storage and distribution of H2 fuel. However, it 
would already be important to implement any of these part without full-blown solutions for 
the others [3].  
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1.2. Hydrogen production 
The hydrogen can be produced by separation (decomposition) of chemical compound, by 
electrolysis from water or by chemical processes from hydrocarbons or other hydrogen 
carriers [4]. The energy of such processes was initially fossil-based: it was mostly 
produced from non-renewable sources such as oil, natural gas, and coal [5,6]. Many efforts 
have been done for a complete and progressive shifts toward renewable sources [7], for 
example trying to produce hydrogen from thermochemical water splitting, high energy 
nuclear radiation, plasma and solar photovoltaic-water electrolysis [8–10] . At the same 
time, many efforts have been done to generate energy for the electrolysis and for the other 
processes from clean renewable sources such as solar radiation, kinetic energy of wind and 
water or geothermal heat. The energy-chain and technical challenges for creating a viable 
hydrogen economy is shown in Figure 1.1 [11]. By using renewable resources such as 
sunlight to split water, hydrogen may be produced cleanly, and can efficiently be stored in 
metals and other complex host frameworks for use in fuel cells, which could power many 
automotive and non-automotive applications, including forklifts, wheelchairs, lawn 
mowers, bicycles, portable power, laptops, stationary and grid applications. The most 
effective use for hydrogen is conversion of its chemical energy to electrical energy in fuel 
cells.  
 
 
Figure 1.1 The three links of the hydrogen energy chain: production, storage and use in fuel cells 
 
Despite the hydrogen technologies are often associated with vehicle applications in the 
recent years many research have unveiled a range of new technologies including nickel 
metal hydride batteries [12], gas separation and purification [13], sensors [14], processing 
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methods for bulk materials amorphization [15], switchable mirrors [16] and more recently 
new ionic conductors for batteries [17]. Hydrogen may become an important link between 
renewable physical energy and chemical energy carriers [4]. For each of these cases, it is 
very important to choose the hydrogen storage material that must have peculiar 
characteristics. In the transportation case, for example, a sufficiently high mass and 
volumetric densities, in a readily accessible state of hydrogen storage systems at 
reasonably low cost, and with an adequate efficiency, represents a major technological 
challenge and perhaps the primary barrier to the use of hydrogen as a clean energy carrier. 
The critical point for the development of all hydrogen technologies is related to the chosen 
of the appropriate solution for storage systems. 
 
1.3. Hydrogen storage systems 
The hydrogen storage constitutes the critical point for the development of the technologies 
systems H2-based. The hydrogen energy density is higher than those of the fossil fuels or 
other non-renewables sources [18]. In Figure 1.2 (taken by 
https://energy.gov/eere/fuelcells/hydrogen-storage) is shown a scheme of several hydrogen 
storage technologies. The hydrogen may be stored in physical-based systems as cryogenic 
liquid (LH2) or compressed gas (CGH2), and in material-based systems as adsorbents 
materials, organic liquid or hydrides materials (as metals or intermetallic compounds), 
characteristic for their high gravimetric and volumetric density. 
 
 
Figure 1.2  Hydrogen technologies 
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The main differences between these systems are the hydrogen storage capacity, the 
security of individual systems and their costs. The volumetric hydrogen density on the 
materials basis is reported in the Figure 1.3 [19]. Several empirical models are developed 
to estimate the volumetric efficiency of the different systems. It is resulted that the 
volumetric efficiency of CGH2 and LH2 systems is resulted lower than of the conventional 
metal hydrides [19]. The maximum amount of hydrogen in the hydride phase is related to 
the number and size of interstitial sites in the metal host, and to the bonding energy 
involved. According to the geometrical Westlake criterion, the distance between two 
hydrogen atoms in the metal interstitial sites [20] is at least 2.1Å. The maximum 
theoretical hydrogen volumetric density in a metal hydride, assuming a closed packing of 
the hydrogen, is therefore 254 kg m
-3
, which is 3.6 times the density of liquid hydrogen 
[21]. In the metal hydrides the hydrogen is chemically combined with the metal 
(chemisorptions) to give hydrides [18,22–24]. However, the hydrogen can physically 
combine with matter (physisorption). The main difference between the physisorption and 
the chemisorptions is the type of bond. 
 
 
Figure 1.3 Volumetric hydrogen densities on material basis 
 
In the physisorption the hydrogen molecule binds to the adsorbent solid surface (adsorbent 
materials) with Van der Waals interactions. These weak types of interactions lead, at 
ambient temperature and pressure, to the formation of hydrogen monolayer on the 
adsorbent surface. A multi-layer coverage is expected only at lower temperatures and 
pressure conditions [25]. Since the physisorption is a surface phenomenon, a high surface 
area is required to obtain a high hydrogen storage capability. In chemisorptions, instead, 
the H2 splits into protons, those diffuse into the metal and are adsorbed, forming metal or 
complex hydrides. Strong bonds are in playing. In the Figure 1.4 a representation of these 
two adsorbing methods is reported. 
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Figure 1.4  Representation of cryo-adsorption and chemical storage in a hydride.  
 
 
1.3.1. Physical-based storage systems 
The hydrogen storage in physical-based systems includes three technologies [22]: 
1. compressed gaseous hydrogen (CGH2); 
2. liquid hydrogen (LH2), 0.1MPa, about -253°C; 
3. cryo-adsorbtion on high surface area materials, 0.2-0.5MPa, about -193°C. 
The gas-compression require, at room temperature, high-pressure tanks (35-70MPa) 
thermally insulated; the storage as a liquid, instead, requires cryogenic temperatures (the 
boiling point of hydrogen at one atmosphere pressure is −252.8°C) [22,26,27]. Presently 
available storage options typically require large-volume systems to store the hydrogen, but 
this is not an issue for stationary applications. Despite these aspects, the CGH2 and LH2 
are most mature physical storage technologies and most prototypes of fuel-cell-powered 
cars use one of these storage systems. In the Figure 1.5 are showed two commercial 
prototypes of the CGH2 and LH2 systems. These systems, however, present two important 
drawbacks such as security, given by the explosive mixtures of hydrogen with air and cost, 
to compress the gas or liquefy the liquid (are both very expensive). For these reasons 
recent studies focalized their attention towards solid material-based systems, able of solve 
both issues (see Figure 1.2). 
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Figure 1.5 Compressed gaseous hydrogen (CGH2) and liquid hydrogen (LH2) vessel 
 
1.3.2. Material-based systems: physically storage 
Physisorption is a surface phenomenon, thus a high surface area is required. Molecular 
hydrogen physisorbs onto a surface through weak Van der Waals interactions. The strength 
of these interactions is very weak, with an enthalpy of adsorption ΔHa between 4 and 10 
KJ/mol. Since the physisorption is an exothermic process and the bonding is very weak, 
low temperatures, normally at the boiling point of liquid nitrogen (-196,8°C), are necessary 
to effectively physisorb hydrogen [28]. For this materials the hydrogen adsorbed at solid 
surfaces depends both on the applied pressure and temperature, and by on the pore 
structure and pore sizes of the adsorbents materials [18,22,24]. The most studied adsorbing 
materials can be classified in: 
1. zeolites; 
2. carbon materials; 
3. metal organic frameworks (MOFs); 
4. polymers of intrinsic porosity (PIMs). 
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The zeolites and related compounds are crystalline microporous structures of 
aluminosilicates. A typical composition of aluminosilicates is Al2SiO5, as visible in Figure 
1.6. Their microporous framework seemed to be highly suitable for hydrogen storage 
adsorption. 
 
 
Figure 1.6 Structure of zeolite 
 
However the hydrogen uptake capability may vary from less of 0.1% at STP (standard 
conditions for temperature and pressure) conditions to 2.86% at 77 K and 15 bar of 
pressure, and so this materials needs of cryogenic temperature conditions for storing lower 
hydrogen amounts than of other systems. For this reason they will be not suitable for 
hydrogen storage in technical applications.  
There are numerous studies on the use of different carbon materials as media for 
hydrogen storage. Solid state carbon may exist under different crystalline forms named 
allotropes. Diamond and graphene are the two well-known allotropes. In Figure 1.7 are 
represented some of the carbon material systems deeply investigated as carbon nanotubes 
(CNT), fullerene, graphite and graphene. 
 
 
Figure 1.7 Graphene, fullerene, carbon nanotubes and graphite structures 
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Graphene presents a high hydrogen storage density which can be exploited to store 
hydrogen. It is found that graphene can be converted in graphane using a steam of 
hydrogen atoms on its surface, and that the hydrogen stored can be also easily released by 
heating at 450 °C [23] (see Figure 1.8). Fullerene is formed by a spherical or cylindrical 
wrapping of graphene sheets. Nanotubes are fullerenes formed by graphene sheets 
wrapped, as shown in Figure 1.9. The diameter of those tubes can be as small as 1 nm. The 
porosity of nanotubes is large so the adsorption of various gases including hydrogen is 
enabled. 
 
 
Figure 1.8 Hydrogen addition converting graphene (top) into graphane (bottom) 
 
In the Figure 1.9 are reported a carbon nanotube structures and a simulation of hydrogen- 
nanotubes interactions as function of the number of shells (Ns), representing the calculated 
storage density in weight %. The hydrogen condenses as a monolayer at the surface of the 
nanotube or condenses in the cavity of the tubes. The condensed hydrogen has the same 
density as liquid hydrogen at –253°C [18]. 
 
 
Figure 1.9 Representation of the carbon nanotube structures (A), simulation of the interaction between 
nanotubes and hydrogen (B) and calculated storage density in mass% as a function of the number of 
shells Ns (blue) and as a function of the tube diameter (red). 
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The carbon materials present a low storage capability at STP conditions. Unlike theoretical 
basic calculations that claim that carbon materials can store up to 6,7 wt% of hydrogen 
[29,30], it was be found that the hydrogen storage capacity may vary from 5% at 77 K and 
20-30 bar of pressure [31] to 8.25% at 80K and 70bar pressure [32]. Many experimental 
results are reported in the literature and none of the results are consistent with others. This 
may be due to the variety of procedures available for synthesis of carbon structures. Thus 
although the reversibility and fast kinetics make these materials attractive options, low 
hydrogen storage capacity at ambient conditions makes these carbon structures unsuitable 
for practical application. Another carbon material deeply investigated is the activated 
carbon, which is a carbon-form processed to have small pores and low-volume. This 
process increases the surface area available for adsorption or chemical reactions. The 
activated carbon has a high porosity, and has been considered as a potential candidate for 
hydrogen storage purposes because it is relatively cheap and accessible on a commercial 
scale. Experimental results show that products with micropore volumes greater than 1mL/g 
are able to physisorb ca. 2.2 wt% of hydrogen. It is expected that optimizing the adsorbent 
material properties and the absorption conditions, a storage capacity up to 4.5 to 5.3% can 
be achieved [23].  
The MOFs are the youngest class of porous materials and are made of metal ions as 
vertices that are connected by organic molecules. The most important feature is their 
exceeding high surface area (5000 m
2
g
-1
). So far the MOFs (MOF-177) have shown the 
highest hydrogen storage capacity of 7.5 wt% at 77 K [33,34], but these results are strictly 
pressure-dependent, and are in disagreement in the literature. The MOF-177 molecular 
structure is reported in Figure 1.10. Furthermore, the sensitivity of the synthesis process, 
the controlled atmosphere and the necessity of cryogenic temperature make these materials 
unsuitable for their use as a practical material for hydrogen storage. 
 
 
Figure 1.10  Chemical reaction for the MOF-177 production  
 
The polymers with intrinsic microporosity (PIMs) have been also widely studied as 
potential hydrogen storage materials. The intrinsic microporosity can be defined as a 
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continuous network of interconnected intermolecular voids, which forms as a direct 
consequence of the shape and rigidity of the component macromolecules. In Figure 1.11 
are reported both the PIM-1 (a tetrazole-containing polymer) chemical structure than its 
molecular model. PIMs can be prepared either as insoluble networks or soluble polymers. 
Such materials exhibit analogous behavior of that of the conventional microporous 
materials, such as activated carbons. 
 
 
Figure 1.11 (a) Chemical structure of PIM-1. (b) Molecular model of PIM-1 showing its highly 
contorted, rigid structure. 
Although the structure of these polymers seems to be very interesting, such as to make 
these materials as promising candidates for hydrogen storage materials, their hydrogen 
storage capability up to 2.7 wt % [35], resulted to be  still too low, like that of the other 
physically storage systems. As the physisorption has the advantages of higher energy 
efficiency and faster adsorption/desorption cycles than the chemisorption, extensive efforts 
have been done to find new hydrogen-storage systems as metal nitrides, metal imides, 
doped polymers, clathrate hydrates, hollow glass microspheres and capillary arrays able to 
store a large quantities of hydrogen. The absorbing materials previously examined have 
been shown a low hydrogen storage capability at extreme temperatures and pressures 
conditions. Many efforts have be done for improving the surface properties, like for 
example by using the mechanical milling for the nanostructured materials production and 
the defects creation, or by using the catalysts (as Pd, Pt, etc.) for the adsorption capacity 
increasing. However, until now, nothing solid physical storage system was found as 
suitable for hydrogen storage technology. 
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1.3.3. Material-based systems: chemical storage 
The metals can chemically combine with hydrogen atoms through a chemisorptions 
phenomenon, to give hydrides. The hydrogen molecule comes in contact with the surface 
and dissociates into two hydrogen atoms that diffuse into the solid. The hydrogen atoms 
chemically bond with the solid materials, forming hydride. The most studied metals 
hydrides are shown in Figure 1.4. The metals and intermetallic compound are able to form 
hydride phase adsorbing reversibly large amounts of hydrogen, in some cases under 
moderate temperature and pressure conditions, which give them important safety 
advantages than the gaseous and liquid storage systems. Their inherently high gravimetric 
and volumetric density make them a very interesting platform for hydrogen storage both 
for mobile applications and for others various applications (for e.g. stationary power, 
portable power, laptop, phone,) according with the power requirements [36].  
 
 
Figure 1.12  Stored hydrogen per mass and per volume. Comparisons between the metal hydrides, 
petrol and other hydrocarbons. 
 
The hydrogen-storage density of metal hydrides, in fact, is higher (6.5 H atoms/cm
3
 for 
MgH2) than hydrogen gas (0.99 H atoms/cm
3
) or liquid hydrogen (4.2 H atoms/cm
3
). The 
volumetric hydrogen density for different materials is shown in Figure 1.3 [19]. As it is 
visible in Figure 1.12 the mass density of the intermetallic compounds and alloys vary as a 
function of pressure and temperature. A low mass density is a general disadvantage of all 
known metal hydrides working near room temperature. Of course, many intermetallic 
compounds and alloys are able to form hydrides with up to 9 mass% of hydrogen, such as 
Li3Be2H7, and 4.5 H atoms per metal atom as BaReH9. However the hydrogen desorption 
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of such hydrides is not reversible within the required range of temperature and pressure 
[18]. The performance and cost requirements of these storage technologies represent the 
key for the success of a hydrogen economy. 
An optimum solid storage materials-based have to satisfy some requirements: 
1. high hydrogen capacity per unit mass and unit volume, which determines the 
amount of available energy; 
2. reversibility of the release/charge cycle at low temperatures in the range of 30–
100°C and moderate pressures in the range of 1 - 10atm; 
3. low heat of formation in order to minimize the energy necessary for hydrogen 
release; 
4. low heat dissipation during the exothermic hydride formation; 
5. limited energy loss during charge and discharge of hydrogen; 
6. fast release/charge kinetics with minimum energy barriers to hydrogen release 
and charge; 
7. high stability against O2 and moisture for long cycle life; 
8. unchanged characteristics of properties after release/charge cycles of the gas; 
9. limited costs. 
 
Several metal hydrides are studied and their hydrogen storage properties investigated. An 
exhaustive database containing all the information about metal hydrides and intermetallic 
compounds is available on website  
http://www.sandia.gov/news/publications/annual_report/ [37]. The most commonly 
hydrides studied can be classified into three classes: 
 
1. Metal hydrides 
2. Intermetallic compounds 
3. Complex hydrides 
 
The metal hydrides can be defined as hydrides of elementary metals; the intermetallic 
compounds are typically formed by alloying two metallic components, (A) and (B) in 
which (A) is a metal that can easily form stable hydrides, and (B) is another element which 
does not form stable hydrides. The components A and B can generally be fully or partially 
substituted by other elements of relatively similar size or chemistry. The intermetallics thus 
formed could then be grouped according to their stoichiometry such as AB5, AB2, AB and 
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others [38]. In the metal hydrides, alloys and intermetallic compounds the interstitial lattice 
sites are occupied by hydrogen atoms, while in the complex hydrides of metals or metal–
nonmetal compounds, the hydrogen is covalently bound to the a metal (or, in the case of 
boron, a non-metal) atom to form complex anion. 
 
1.4. Hydrate forming mechanism 
1.4.1. Hydrogen interaction with metals 
As previously reported the hydrogen interaction with metals can be classified into three 
processes: a) physisorption, b) chemisorption and c) quasi-molecular interaction (well 
known as Kubas interaction). A schematic representation of the energies involved in each 
process is reported in Figure 1.13. The physisorption was previously discussed.  
 
 
Figure 1.13 Schematic illustration of physisorbed (a), chemisorbed (b) and weakly bonded hydrogen 
(c), and postulated energy barriers for the hydrogenation of metal complex hydrides (d). In complex 
hydrides, additional barriers due to intrinsic mass transport also need to overcome. 
 
The chemisorption is a stronger perturbation of the molecular electronic structure with 
formation of chemical bonds with the substrate. The energies are typically of several eV. 
(Figure 1.13, b). In chemisorption the hydrogen molecule dissociates into individual atoms 
that spread into the material and then bind with it. This hydride bonding is quite strong, 
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with an enthalpy of formation (ΔHf) of 100–200 kJ/molH2 and a binding energy in the 
range of 2–4eV [28]. The mechanism of hydrogen ab(de)sorption process has to go 
through a range of activation barriers (Figure 1.13, d), and it occurs only when the energy 
supplied is higher than the activation energy barrier (Echem(H)). Far from the metal surface, 
the potential of a hydrogen molecule and of two hydrogen atoms are separated by the 
dissociation energy (H2→2H, ED = 435.99 kJ mol
-1
). The first attractive interaction of the 
hydrogen molecule approaching the metal surface is the Van der Waals force leading to the 
physisorbed state (Ephys(H) ≈ 10 kJ·mol
-1
) approximately one hydrogen molecule radius (≈ 
0.2 nm) from the metal surface. Closer to the surface, the hydrogen has to overcome an 
activation barrier for dissociation and formation of the hydrogen metal bond. The 
molecular dissociation will only occur when the energy supplied (depending on the 
temperature and pressure in the system) is higher than the activation energy barrier 
(Echem(H)). The height of the activation barrier depends on the surface elements involved. 
Then bonding takes place by electron sharing between dissociated hydrogen atoms and 
metal atoms on the host surface. At the same time, hydrogen atoms begin to penetrate the 
subsurface of the host material (Epen(H)). These atoms can populate the interstitial sites of 
the host material through surface diffusion (Ediff(H)). As a consequence, a stable metallic 
hydride phase is formed, if the hydrogen concentration is very high. When considering 
complex hydrides, the hydrogen (ab)desorption process will also depend upon ionic 
diffusion, and the subsequent growth of the hydride phase through the reaction of various 
ionic species with hydrogen, and thus, additional activation barriers have to be considered 
(Ediff(ion), Enuc, and Egrowth). Desorption of hydrogen mainly occurs though the reverse 
process by breaking hydrogen bonds, either weak van der Waals or strong chemical bonds. 
1.4.2. Thermodynamic and kinetics aspects 
The gravimetric and volumetric storage capabilities are the most important parameters to 
determine the potential of materials as hydrogen storage system. These parameters are 
strictly dependent from the physical conditions in which a material adsorb/desorb the 
hydrogen (see Figure 1.12), but also by the physical properties of the material. The surface 
area, the pore structure and volume, the particle size, the atomic structure and chemical 
factors, such as the affinity for hydrogen, the surface reactivity and bond strength 
determine the thermodynamics and kinetics of ab(de)sorption. Since the chemisorption 
follows the physisorption, all the prerequisite for material-based systems that physically 
stored are required. In chemisorption, strong chemical bonds are involved, and therefore, 
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high temperatures are required to break these bonds and release hydrogen. The 
thermodynamic aspects of hydride formation from gaseous hydrogen are described by 
pressure-composition isotherms (PCI) (Figure 1.14). The ideal PCI plot shows that 
hydrogen uptake increases with increasing pressure to form a solid solution of hydrogen in 
the metal (α phase), but at the equilibrium plateau pressure (Peq) the metal starts to “lock” 
hydrogen within its structure and form a hydride (β phase). If the applied pressure is below 
the plateau, the stored hydrogen is released, because it is kinetically favorable. The 
plateau-length determines the amounts of hydrogen stored. In the pure β-phase, the 
hydrogen pressure rises with the concentration. The two-phase region ends in a critical 
point TC, above which the transition from the α- to β-phase is continuous. 
 
 
Figure 1.14 PCI plot of hydrogen metal-systems on the left hand side. The construction of the Van't 
Hoff plot is shown on the right hand side. The slope of the line is equal to the enthalpy of formation 
divided by the gas constant and the intercept is equal to the entropy of formation divided by the gas 
constant. 2D-illustration of hydrogen adsorption. 
 
The equilibrium pressure, Peq, is related to the changes ΔH and ΔS in enthalpy and entropy 
respectively, as a function of temperature by the Van’t Hoff equation: 
 
  
   
   
  
   
  
  
   
 
                                           (1) 
 
To decompose a hydride, the temperature has to be increased to a level at which Peq is 
higher than the system pressure. As the entropy change corresponds mostly to the change 
from molecular hydrogen gas to dissolved solid hydrogen, it is approximately the standard 
entropy of hydrogen (S0 = 130 J·K
-1
mol
-1) and it is, therefore, ΔSf ≈ -130 J·K
-1
mol
-1
H2 for 
all metal-hydrogen systems [26]. The enthalpy term characterizes the stability of the metal 
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hydrogen bond. To reach an equilibrium pressure of 1 bar at 300 K, ΔH should amount to 
39.2kJ mol
-1
H2. The hydrogen absorption (hydrides formation) is an exothermal reaction 
that leads to a notable heat evolution; the same heat has to be provided to the metal hydride 
to desorb the hydrogen (endothermal reaction for the decomposition of hydrides). The gas–
solid equilibrium given by the Van’t Hoff equation is the basis for designing a hydride 
storage system [39]. The Van't Hoff plot for an array of metal hydrides, as shown in Figure 
1.15, allows researchers to identify a design specific material [40].  
 
 
 
Figure 1.15 Van't Hoff's plot for different metal hydrides 
 
The selection of the storage material is governed by the applicable operating temperature 
and pressure ranges for a desired application. For example the LaNi5, FeTi and NaAl 
alloys falls in a window of temperatures ranging from 20°C to 100°C, and of pressure 
above atmospheric pressure. The operating temperature for MgH2 and its complex 
hydrides, at the same pressure condition, follow in higher temperature windows. The 
dehydrogenation temperature can be as high as 280°C in the case of MgH2. Hence, Van't 
Hoff plot plays a vital role in the design of metal hydride integrated devices. Other 
important properties which govern the choice of materials are the reaction kinetics and 
cyclic stability of hydrides. The challenge is to find a material able to satisfy the storage 
cycle. A scheme of storage cycle is shown in Figure 1.16.  
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Figure 1.16 Storage cycle for hydrogen storage by formation of metal hydrides 
 
1.5. Metal Hydrides 
1.5.1. Electronic structure and hydriding energy 
The metal hydrides are hydrides of elementary metals, alloys and intermetallic compounds 
in which the interstitial lattice sites are occupied by hydrogen atoms. The hydrogen and 
dihydrogen bonds in the formation reactions of metal hydride constitute a crucial point to 
the development of the hydrides technology. The metal hydrides reactions usually take 
place at elevated temperatures and get involving hydrogen and many transition metals and 
their alloys [26]. The hydriding energy supply important information about the materials 
tendency to form hydrides. The early transition metals are found to have a strong tendency 
for hydride formation which decreases as one goes to the right in the transition-metal 
series. The hydriding energy is based on three contributions: the first is given to the energy 
needed to convert the crystal structure of the metal to the structure formed by the metal 
ions in the hydride. In general, metals are crystallized in one of the following structures in 
near ambient conditions (Figure 1.17):  
 Body Centred Cubic (BCC) 
 Face Centred Cubic (FCC) 
 Hexagonal Closed Packed (HCP) 
 
The most common crystal system found for metal hydrides is "face-centered cubic" (fcc), 
except for some metals as V or Cr that generally prefer a strong “body-centered cubic” 
(bcc). It is clear in this case a significant lowers of the driving force for hydride formation. 
A second contribution, which for some materials is dominant, is the loss of cohesive 
energy when the metal structure is expanded to form the hydride. This expansion lowers 
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Figure 1.17 Schematic representation of common metallic crystal structure: body center cubic (BCC), 
faced centred cubic (FCC), hexagonal closed packed (HCP) and interstitial octahedral (Oh) and 
tetrahedral (Td) site in FCC crystal structure 
 
the cohesive energy of the metal and is a significant impediment to form stable hydrides 
for the middle to late transition metals, as they have high cohesive energies. The final 
contribution to the hydride formation energy is the chemical bonding between the 
hydrogen and metal host [41]. The hydride stability is linked to electronic structure of 
metal hydrides. It is showed that hydrogen not only contributes electrons to the system, but 
also states below the bottom of the metal d-band. It has been demonstrated, by using the 
electronic structure calculations, the stability of the monohydrides by the hybridization of 
the H 1s state with the s and p states of the metal, with no particular role for the metal d 
states. The two hydrogen atoms of the dihydrides, instead, with two atoms per unit cell, 
would form both their bonding and antibonding band below the bottom of the d band. 
Hence, by contributing states below the Fermi level, the electrons of the host can lower 
their energy by transferring to these new levels. As the hydride contracts, the antibonding 
band moves up. It was suggested that when this band moves above the top of the d band 
the dihydride is not stable anymore. This has been used to explain why hydrides with small 
lattice parameter, such as PdH2, are not stable as dihydrides. The first metallic hydride 
discovered in 1866 was right the PdH2, that can be considered as the first hydrogen storage 
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material. Under a hydrogen atmosphere, however, the palladium metal converts into the 
thermodynamically stable PdH0.7 (β-phase) with an increasing in the lattice volume of 
3.5% at 25 °C with 1.0atm H2. The maximum palladium hydrogen-to-metal ratio at STP 
conditions is of about 0.7 [42], due to its solubility in that temperature and pressure 
conditions [43]. For this reason the metallic hydrides exist with a variety of M:H 
compositions, typically in fractional concentrations, in contrast to both ionic and covalent 
hydrides, which have fixed M:H compositions. Hydrogen is dissolved in the metal and the 
structural symmetry of the metal is often preserved in the hydride phase; however, the unit 
cell volume may increase considerably, in some cases >20% [44]. The metals may be 
hydride by direct dissociative chemisorption and electrochemical water splitting. These 
reaction equations are: 
 
                                                        
 
 
                                                             (2) 
                                               
 
 
     
 
 
        
 
 
                                    (3) 
 
where M represents the metal. The hydrogen atoms are fitting into octahedral or tetrahedral 
holes in the metal lattice, or in a combination of the two. The stability of a hydride depends 
on its formation energy through the reaction (2).The hydriding energy is a measure of the 
H2 chemical potential in equilibrium with the metal and hydride [41]. The study hydride 
stability across the periodic table allows to confirm that the metallic bonds are mainly 
observed for the early d-block and f-block metals. All the alkali metals form a 
monohydrides with the rocksalt structure. The platinum (Pt) and the ruthenium (Ru) are 
able to adsorb large quantities of hydrogen, which becomes activated. These two elements, 
together with palladium (Pd) and nickel (Ni) are extremely good hydrogenation catalysts, 
although they do not form hydrides. 
1.5.2. Hydrides capability 
The amount of hydrogen stored in the different metal hydrides, complex hydrides and 
intermetallic compound are briefly discussed. In classical metal hydrides the hydrogen 
uptake is limited to roughly 2 wt%, which is due to the fact that most of the typical metal 
hydrides are intermetallic transition metal compounds in which the hydrogen atoms can be 
stored per metal atoms. The different families of intermetallic compounds can be classified 
on the basis of their crystal structures, such as AB2 type (Laves phase), AB5 type phases 
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and Ti-based body centered cubic (bbc) alloys [45]. Below are shortly listed the hydrogen 
capability for the most studied metal hydrides: 
1) magnesium hydride (MgH2) is a classical metal hydride and most widely studied 
material as it combines a high H2 storage capacity of 7.6 wt%, with the benefit of 
the low cost of the abundantly available magnesium [46–49] with good 
adsorption/desorption reversibility. Although MgH2 has high hydrogen storage 
capacity, an high decomposition temperature of 300℃ at 1bar of pressure and poor 
sorption and desorption kinetics are main drawbacks of this material [45]; 
2) lanthanum-nickel alloy (LaNi5) is another popular material widely studied. 
Compared to MgH2, this intermetallic compound shows better hydrogen storage 
characteristics in terms of kinetics and temperature requirements. But the amount of 
hydrogen stored is significantly low. At moderate temperature the hydrogen storage 
capacity of LaNi5 does not exceed 1.4 wt%.  
3) hydrogen storage properties of FeTi have been extensively studied too. FeTi is a 
well-known hydrogen storage compound with a total hydrogen storage capacity of 
around 1.90 wt%. In addition both Fe and Ti are inexpensive elements. Hydrogen 
capacity of FeTi can reach over to 1.90 wt% by addition of 1 wt% Pd as a catalyst.  
 
Another class of hydrogen storage materials is that of the complex hydrides. In contrast to 
the classical metal hydrides, in which interstitial sites are occupied with hydrogen atoms, 
in complex metal hydrides, hydrogen is covalently bound to a metal (or, as in the case of 
boron, a non-metal) atom to form a complex anion. The best known are: 
1) the sodium alanates hydrides of aluminum as thetetrahydroaluminate–NaAlH4 and 
trisodium hexahydroaluminate–Na3AlH6. Theoretically, NaAlH4 and Na3AlH6 
contain large amounts of hydrogen, 7.4 and 5.9 wt%, respectively. The weight 
percent of hydrogen stored in solid compounds as NaAlH4 result more than twice 
then of the LaNi5H6 (1.6 wt%). However, the release of hydrogen does not occur in 
a single-step reaction, so the reversibility of these two reactions is a critical factor 
for the practical applications; 
2) the boron hydrides as LiBH4 and the NaBH4. Although the LiBH4 hydrogen 
density is theoretically of 18 wt%, its synthesis requires high temperature and 
expensive compounds. However the boron hydrides suffer of the disadvantage that 
can form some possible decomposition products as volatile boranes. Even if these 
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boranes are only formed at trace levels, their formation could lead to substantial 
loss of storage capacity over many cycles and to damage to the fuel cell; 
3) other complex hydrides with high hydrogen capacities are some alkaline earth 
compounds as Mg(AlH4)2  and Ca(AlH4)2, containing respectively 9.3 wt% and 7.9 
wt%. The biggest disadvantage of these magnesium and calcium hydrides 
complexes is that both alanates do not react reversibly under technologically 
relevant conditions [50,51]. 
4) also the amine–borane adducts as ammonia–borane BH3NH3 or ammonia 
triborane NH3B3H7 can be reach a hydrogen content of 19.6 wt% and 17.8 wt% H2, 
respectively [22]. The hydrogen contents in ammonia–borane can be partially 
delivered at temperatures of about 130°C in a multisteps decomposition process, 
that are exothermic steps unuseful for reversible on-board hydrogen storage. 
Instead the main disadvantages for the triborane are linked of the possible 
breakthrough of ammonia which require additional safety precautions for 
regenerations of borates and gas clean-up, which are expensive process.  
 
1.6. Improvement on hydrides properties: state of the art 
1.6.1. Improvements of the surface properties 
 A critical factor for hydrogen absorption by metals is the metal surface, which activates 
dissociation of hydrogen molecules in hydrogen atoms that can easy diffuse into the metal 
host. Most of the known metal hydrides exhibit unsatisfactory charge/discharge kinetics. 
Different factors can improve the hydrogenation properties, as the use of catalysts (like 
Pd), that promotes the molecular hydrogen dissociation by spillover mechanism of 
hydrogen absorption (see Figure 1.18) [52]. This mechanism includes adsorption and 
subsequent dissociation of hydrogen molecule on surface catalyst, and migration and 
subsequent diffusion of adsorbed hydrogen atoms from the catalyst surface into the metal. 
Thanks to the spillover the diffusion process of hydrogen atoms inside the metals is 
enhanced. The induced lattice defects, also, may aid the diffusion of hydrogen in materials 
by providing many sites with low activation energy of diffusion [43]. The induced 
microstrain assists diffusion by reducing the hysteresis of hydrogen absorption and 
desorption. 
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Figure 1.18 Illustration of spillover mechanism of absorption of hydrogen into a metal using a catalyst 
 
In the Figure 1.19 is reported a scheme of defects in a nano-scaled film and their H-
solubility in the low concentration range. Besides the conventional H-solubility in the 
lattice matrix (a) the surface acts as H-trap with its surface (b) and sub-surface (c) sites. At 
the edge of dislocation (e), often present to account for the mismatch between film and 
substrate, a cylindrical H-segregation volume is expected. Also grain boundaries (d) solve 
hydrogen differently to the matrix. The local concentration at a grain boundary is expected 
that of the solid solution and the hydride-phase.  
 
 
Figure 1.19 Scheme of defects in a nanoscaled film and their H-solubility in the low concentration 
range.  
 
Recently the nanostructured materials research is widely increased cause their unique 
properties. The hydrogen solubility in nano-sized metals is better than to the corresponding 
bulk materials, thanks to their great surface area that provides an high hydrogen absorption 
[53,54]. The production of nano-sized materials with better powders morphology, gives 
remarkable improvement on the kinetics and surface activity for hydrogenation. 
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Figure 1.20 Nano-sized metal systems often appear as a) clusters, b) as thin films or c) as multi-layers 
stacked films with a high amount of surface (S) and interface volume (I) 
 
Nano-sized metal systems are mostly found in the shape of thin films, rods or clusters. 
Also stacking of nano-sized systems in so-called multi-layers causes interesting sample 
morphologies with a high density of interface volume (Figure 1.20). Mechanical milling 
result a simple technique to obtain nanostructured materials. The ball milling, termed 
mechanical alloying, is a process in which a powder mixture placed in the ball mill is 
subjected to high-energy collision from the balls allowing to obtain fine powders with 
uniform dispersion usually of oxide particles. The main effects of ball-milling are 
increased surface area, formation of micro/nanostructures and creation of defects on the 
surface and in the interior of the material. The ball milling technique has been widely used 
for the preparation of nanostructured materials. Typically small amounts of catalysts are 
added for surface activation enhancements and hence for hydrogenation. In order to avoid 
the formation of a surface layer of oxygen (especially for some metals air-sensitive, as 
Mg), the ball-milling of alloys was performed under inert atmosphere. The presence of 
oxidized layer on the surface represents the most important disadvantage for the use of this 
technique. In order to avoid the oxidation phenomena the solid material is hydrogenated 
during milling. It was shown that this approach allow the simultaneous hydrogen uptake 
also during the mechanical deformation resulting from ball-milling. This technique is the 
most commonly used for metal-hydrides production, as it is a simple an inexpensive 
technique. An interesting surface treatment is based on fluorination of metal surface, which 
both removes the existing oxide layer as a result of a chemical reaction, and also prohibits 
further oxidation by formation of a special catalytic structure on the surface. The 
fluorination method involves treatment of the hydride with an aqueous solution of F
-
, 
resulting in much better activity for hydrogenation and easier activation [18,55,56].  
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1.7. Magnesium hydride materials 
1.7.1. Preparation method by physical-approach 
A group of Mg-based hydrides stand as promising candidate for competitive hydrogen 
storage with reversible hydrogen capacity up to 7.6 wt% for on-board applications [57,58]. 
Efforts have been devoted to these materials to decrease their desorption temperature, 
enhance the kinetics and cycle life. As previously reported the kinetics and thermodynamic 
parameters can be improved both by adding an appropriate catalyst into the solid-system 
material and by using ball-milling method to improve surface properties [59]. In the Figure 
1.21 a mechano-chmemical milling effects on commercial MgH2 prepared in the presence 
of a nanocatalyst as a dopant is reported [53]. The combined effects of the ball-milling and 
the use of nanocatalyst-doped material produce improvements both on kinetics (increasing 
surface area and introducing defects) and also on thermodynamics. 
 
 
Figure 1.21 (A) Conceptual model of MgH2 particle (a), nanocrystalline (b) and nanocatalyst-doped 
materials. (B) TGA curves for the commercial (a), micro/nanocrystalline (b) and 10%mol 
nanocatalyst-doped nanocrystalline MgH2. 
 
As it is visible in Figure 1.21, the obtained micro/nanocrystalline MgH2 grains show 
endothermic hydrogen decomposition at a lower of temperature of 340°C than to the 
commercial MgH2 (e.g., 415°C). In addition to the nanoscale formation, the doping caused 
by using a nanocatalyst certainly decreases the onset transition temperature by as much as 
100°C. Although these studies have yielded promising results, the main disadvantage in 
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using this mechanical alloy process for Mg-based hydride materials is related to the 
formation of oxidized layer on the magnesium surface, which inhibits hydrogenation. 
1.7.2. Preparation method by chemical-approach 
Recently, an air-stable composite material that consists of metallic Mg nanocrystals in a 
gas-selective polymer, poly(methyl methacrylate) (PMMA) is developed (Figure 1.22) 
[53,60–62]. The use of  polymer matrix, as PMMA, offers different advantages: first of all 
it is used as surface capping agent and stabilizing ligand, which gives the possibility to 
obtain a tailored material by modifying the precursor/polymer concentration and the 
synthesis parameters (as temperature and pressure). Different nucleation process occurs 
varying these parameters, and crystals of different sizes can be obtained. In addition, the 
use of a gas-selective polymer allows to mitigate the oxygen and the humidity diffusion 
inside the polymer matrix and so towards nano-crystals embedded in it, and enhances the 
hydrogen permeability. 
 
 
Figure 1.22 Mg NCs in a gas-barrier polymer matrix. Schematic of hydrogen storage composite 
material: high-capacity Mg NCs are encapsulated by a selectively gas-permeable polymer (a). 
Synthetic approach for the Mg NCs/PMMA nanocomposites formations (b). 
 
Finally the PMMA makes the composite material more flexible to withstand the volume 
expansion during phase transition between Mg and MgH2. Impressively, the Mg/PMMA 
nanocomposites show stability after two weeks of air exposure. The novel nanocomposites 
enable hydrogen storage with both high density (up to 6 wt% of Mg, 4 wt% for the 
composite) and rapid kinetics (uptake <30 min at 200°C) without using heavy metal 
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catalysts. The remarkable uptake capacity and kinetics can be sustained for a few 
adsorptions and desorption cycles, with only slightly decrease of dehydrating rate. This 
interesting polymer-based nanocomposite material certainly deserves further attention, 
such as investigating the optimization of Mg loading and the polymer/metal nanocrystal 
interfacial properties. 
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Chapter 2 
Synthesis of metallic nanopowders 
(MNPs) 
 
2.  Introduction to the metallic nanopowders (MNPs) 
In nanotechnology the particles can be defined as small localized objects with several 
physical or chemical properties [1]. According to their dimensions particles can be divided 
in different categories:  the “coarse particles” are particles with a size over 2500nm, the 
“fine particles” are particles with a size in the range of 100 –  2500nm; the particles in the 
size range of 1 – 100nm are addressed as nanoparticles (NPs) [2]. Fragments of solid with 
nucleating ranging between a few atoms and thousands of atoms are known as nano-
clusters or nano-crystals. The nanostructured materials (NSMs) may be defined as ultrafine 
nanostructures whose structural elements — clusters, crystallites or molecules — have 
dimensions in the 1 to 100 nm range [3,4]. When the dimensions of a system are reduced 
to the nanoscale domain, the number of atoms at the surface significantly increases with 
increasing of the surface area per unit volume. The reduction of particles size leads to a 
high surface-to-volume ratio and consequentially to an high surface area provided of an 
high free energies and cluster reactivities. Hence when the dimensions decrease from 
micron level to nano-level the specific surface area increases by 3 orders of magnitude [1]. 
In such a case, large portions of atoms will either be at or near the grain boundaries [5]. 
Their properties falls in between of those of the isolated atoms and of the bulk macroscopic 
materials [6]. Owing to these surface contributions, the structure and the total energy of the 
systems change, providing improvements in some of NSMs properties such as electrical 
[7,8], mechanical [9], optical [10], magnetic [11,12] and hydrogen sorption properties [13–
15], that are shown to be powerfully higher than the corresponding bulk materials. The size 
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and shape effects play an important role on the materials properties. They result to be 
affected by a “quantum size effects” or “quantum confinement” phenomenon, which is an 
effect observed when the size of the particle is too small to be comparable to the 
wavelength of the electrons. These effect is caused by the spatial confinement of 
delocalized electrons in confined grain sizes [5], and it is essentially due to the changes in 
the atomic structure as result of the direct influence of the ultra-small length scale on the 
energy band structure. This effect will be better explained for the nanosized metals. The 
metallic nanopowders (MNPs) can be described as nanosized metals with dimensions 
within the NPs size range. The existence of metallic NPs in solution was first recognized 
by Faraday in 1857 [16] and a quantitative explanation of their color was given by Mie in 
1908 [17]. When metal particle having bulk properties are reduced to a few hundred atoms, 
the density of states in the conduction band (the top band containing electrons) changes 
dramatically. With the decreasing of the dimensions the continuous density of states in the 
conduction band is replaced by a set of discrete energy levels, which may have energy 
level spacing larger than the thermal energy, kBT, and a gap opens up [18]. The transition 
between molecular and metallic states provide a specific electronic structure (local density 
of states LDOS). The changes in the electronic structure during the transition of a bulk 
metal to a large cluster, and then down to a small cluster of less than 15 atoms [19], are 
illustrated in Figure 2.1.  
 
Figure 2.1 Splitting of energy levels in quantum dots due to the quantum confinement effect, 
semiconductor band gap increases with decrease in size of the nanocrystal. 
 
The small cluster is analogous to a molecule having discrete energy levels with bonding 
and antibonding orbitals. Finally a size is reached where the surfaces of the particles are 
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separated by distances which are in the order of the wavelengths of the electrons. In this 
situation the energy levels can be described by the quantum-mechanical treatment of a 
particle in a box. This is referred to as the quantum size effect. The average energy will not 
be determined so much by the chemical nature of the atoms, but mainly by the particle 
dimensions. Another important effect that characterizes the nano-sized metals is the 
“surface plasmon resonance” effect. The surface plasmon resonance (SPR) is an effect 
arising from the interaction of light with mobile surface chargers in a metal [20], and it is 
strictly dependent on the surface and interface properties. This effect modifies the optical 
properties of the metals. The color of a material is determined by the wavelength of light 
that it absorbs. The absorption occurs because electrons are induced by the photons of the 
incident light to make transitions between the lower-lying occupied levels and higher 
unoccupied energy levels of the materials. Clusters of different sizes will have different 
electronic structures, and different energy-level separations. Light-induced transitions 
between these levels determine the color of the materials. This means that clusters of 
different sizes can have different colors, and the size of the cluster can be used to engineer 
the color of a material [18]. The benefits of nanostructuring effects mainly for the MNPs in 
a large number of technological applications have been reported in many literature works. 
About the hydrogen storage applications, the study of the relationship between structure 
and absorption properties of materials plays an important role for their potential storage 
capabilities improvements. Therefore, materials scientists are focusing their efforts to 
develop simple and effective approaches for fabricating nanometals with desired size and 
morphology for the specific technological applications. 
 
2.1. Brief description of synthesis strategies 
There are two main approaches to synthesize the nanomaterials: one is the “top-down” 
approach and another one is the “bottom-up” approach. In Figure 2.2 a schematic 
representation of both approaches is reported. 
 
Figure 2.2  Schematic of variety of nanostructure synthesis and assembly approaches. 
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2.1.1. Top-down approach 
The top-down approach consists of building nanomaterials moving from top (larger) to 
bottom (smaller). NPs are synthesized by breaking down bulk materials gradually into 
smaller sizes, e.g. by using high-energy ball milling (mechanical milling). Different kinds 
of techniques as lithographic techniques (such as electron beam, photo ion beam or X-ray 
lithography cutting), etching, grinding, ball milling and sol gel technique make use of this 
approach. This method is advantageous as it is easy and simple to perform and avoid the 
use of volatile and toxic compounds often used in bottom-up techniques. However, by 
using this approach there is a not good control on the nucleation and growth of the NPs 
produced. In fact the NPs produced are of very low dimensions, but without well-defined 
characteristics or uniform shape and of a narrow size distribution. In addition 
contamination effects can occur coming out from the apparatus as, in the ball milling case, 
from the grinding media. Nevertheless, many top-down techniques have been developed 
on the industrial scale, due to the simplicity of these processes, and an optimization of 
these processes can produce well-defined structures on scales previously forbidden. The 
use of these approaches has a limit on reaching very small dimensions, which can be 
solved by the bottom-up approach. Thus, to produce devices with extremely fine details 
(on the molecular level), self-assembly and directed assembly approaches must be 
integrated into the industrial process. It is expected that NPs prepared by chemical 
synthesis and self-assembly will play a critical role in in the research fields [21]. 
2.1.2. Bottom-up approach 
As the name suggest, the bottom-up is an approach to build nanomaterials by going from 
bottom (smaller) to the top (larger). The bottom up approach starts with atoms, ions or 
molecules as “building blocks” and assembles nanoscale clusters or bulk material from 
them [21,22]. This method implies that the nanostructures are synthesized onto the 
substrate by stacking atoms onto each other, which gives rise to crystal planes, crystal 
planes further stack onto each other, resulting in the synthesis of the nanostructures. A fine 
control on the nucleation and growth of the particles, by changing the physiochemical 
parameters, allow to obtain self-assembled materials with a fine structure highly 
controlled. Some physical techniques using this approach are the chemical vapor reactions, 
laser or plasma treatment, aerosol pyrolysis (spray pyrolysis, vapor pyrolysis). Instead the 
most common chemical techniques are synthetic process as colloidal synthesis, thermal 
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decomposition, sol-gel, microwave heating, synthesis in microemulsions or reverse 
micelles and sonochemical synthesis. Using these chemical approaches a really tailored 
material can be achieved for advanced technology applications. Countless bottoms up 
synthetic strategies of NPs are being developed. 
 
2.2. Overview to the (MNPs) synthesis techniques 
Although many techniques used for the MNPs synthesis have been employed, the synthetic 
techniques can be grouped in two broad classes known as “physical and chemical 
methods”. Several options for these processes have been developed to generate compounds 
or alloys with specific compositions and properties by optimizing the synthesis approaches.  
2.2.1. Physical synthesis techniques 
About the physical methods, the most common used for the MNPs production are the 
vapor-phase synthesis. One useful way to classify such methods is by starting from the 
phase of the precursor and from the source of energy used. Starting by a solid precursor, 
one general class of methods for achieving the supersaturation necessary to induce an 
homogeneous nucleation of MNPs is to vaporize the material into a background gas and 
then cooling down the gas [23]. The most known methods for the vapor-phase synthesis 
are the inert gas condensation [24], the pulsed laser ablation (PLA) [25,26], the spark 
discharge generation [27], the ion sputtering [28] and the physical vapor deposition (PVD) 
[29]. An alternative way of achieving the supersaturation necessary to induce 
homogeneous nucleation of NPs is by the chemical reaction. In this case a liquid or vapor 
precursor is used. Chemical precursors are heated and/or mixed to induce gas-phase 
reactions that produce a state of supersaturation in the gas phase. Starting by a chemical 
precursors other methods for the vapor-phase synthesis are the chemical vapor deposition 
(CVD) [30–32], the spray pyrolysis [33], the laser pyrolysis/photothermal synthesis, the 
thermal plasma synthesis, the flame synthesis, the flame spray pyrolysis and the low-
temperature reactive synthesis. However, the synthesis of nano-metals via these physical 
approaches generally involves complex procedures and equipments, relatively high 
pressures and temperatures. Hence, nano-metals clusters prepared in these conditions will 
readily oxidize if exposed to the atmosphere. This generally degrades some of clusters 
properties. In particular, the metallic clusters can be dramatically affected by 
contamination (oxidation and aggregation phenomena) if are exposed at ambient 
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atmosphere after the synthesis, losing their functional properties.  During the last decades 
the interest for other physical synthetic approach, e.g. the ball milling, is increased. It has 
been widely used for brittle metal and alloy metal nanoparticle production, mainly for 
hydrogen storage applications [13,14,22,34]. The success of this technique is mainly due to 
its scalability and easy of use. In addition, the ball milling is an inexpensive method. Ball 
milling is a mechanical process in which the structural and chemical changes are produced 
by mechanical energy. A graphic representation of the working principle of a planetary ball 
mill is reported in Figure 2.3. The metal is placed in a rotating cylinder or conical mill 
partially filled with inert grinding media that causes fracturing and cold welding of the 
elemental constituent particles. 
 
 
Figure 2.3 Graphic representation of working principle of Planetary Ball Mill (a) overall layout of 
planetary ball mill end (b) horizontal section of grinding jar  
 
The final result is a powder made of nanocrystals of a few tens of nanometers. The 
technique has the benefits to reduce the grain size, to promote the formation of 
micro/nanostructures and to create defects on the surface and inner the materials. The 
result is an increasing of the surface area. The induced lattice defects and in general of the 
defects concentration may aid a shortening the diffusion path of hydrogen in materials by 
providing many sites with low activation energies. It is possible to obtain a tailored 
material with specific properties by checking the milling parameters. It is possible to obtain 
a powder with superior morphology by using some improvements as the use of catalysts 
during the milling process. It is able to give remarkable  improvements to the kinetic of the 
process and to the surface activity for hydrogenation [34]. Many works have been done 
describing this technique, especially for the metal hydrides production for hydrogen 
storage applications [35–38]. However, the most important disadvantage in the use of this 
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technique consist in the passivation effects by oxygen which occur during the synthesis, 
with formation of an oxygen layer on the metal surface that inhibits the hydrogen diffusion 
inside the metal [39,40]. Fluorination treatments of metals are proposed to re-active the 
metals surface [39,41]: this chemical treatments not only removes the existing oxide layer 
but also prohibits further oxidation phenomena thanks to the formation of a special 
catalytic structure on the surface. The fluorination method involves chemical treatment of 
the hydride with an aqueous solution of F
- 
ions, resulting in much better activity for 
hydrogenation and easier activation. Nevertheless, the use of these enhancements 
treatments involves complex procedures, and therefore it is not recommended, especially 
for air-sensitive materials as magnesium. 
2.2.2. Chemical synthesis techniques 
Therefore, further research work has been done to develop new synthetic approaches to 
produce MNPs by using chemical methods. The physicochemical properties strictly 
depend on size, thus chemical methods are required to achieve tailored NPs. These 
methods provide a simple and versatile option for the MNPs preparation, due to mild 
synthesis conditions and higher product uniformity. Among them the colloidal chemistry 
has been extensively used to synthesize nanoclusters with controllable morphology and 
narrow size distributions, enabling to obtain tailored properties [42–44]. A colloid is a 
suspension of particles with sizes ranging from 1 nm to 1μm (i.e., 1000 nm), larger than 
most ordinary molecules, but still too small to be seen by the naked eyes. Many colloidal 
particles can, however, be detected by the way in which they scatter the light, such as dust 
particles in air. These particles are in a state of constant random movement, called 
Brownian motion, arising from collisions with solvent molecules, which themselves are in 
motion. Particles are kept in suspension by repulsive electrostatic forces existing between 
them. The addition of salt to a colloid can weaken these forces and can lead to the 
formation of aggregates of suspended particles, which can be collected as sediment at the 
bottom of the solvent. This process of the settling out of a colloid is called flocculation 
[18]. The polyol process is a chemical reduction of the ionic precursors (organic and 
inorganic salts) which occurs in presence of a mild reducing agents as the alcohols, to 
produce fine particles. Modulating the synthesis parameters, as temperature, pressure, time, 
reaction environment, and also reagents and the polyol liquid or other additive chosen, it is 
possible to obtain a good control on nucleation and growth of the MNPs. Another easy and 
useful approach widely used for the nano-sized metals preparation is the thermolysis, or 
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thermal decomposition [18]. This technique is a chemical reaction process caused by 
heating. The decomposition temperature of a substance is the temperature at which the 
substance chemically decomposes. The reaction is usually endothermic, since heat is 
required to break the chemical bonds in the compound, undergoing the decomposition. A 
suitable compound, usually an organometallic substance of the metal chosen, is used for 
the MNPs preparation [45,46].  
 
2.3. Chemical reduction: the polyol process 
Many fine metallic powders can be prepared by reduction of a suitable precursor using a 
mild reducing agent, as the alcohols that can be easily oxidized to aldehydes or ketones, 
according to their nature. The metal ions, coming by the dissolution of precursors in the 
alcoholic liquid, are reduced to a zero-valence state atom. The primary alcohols (R-CH2-
OH) can be oxidized either to aldehydes (R-CHO) or to carboxylic acids (R-CO2H), while 
the oxidation of secondary alcohols (R
1
R
2
CH-OH) normally give a ketone (R
1
R
2
C=O). In 
any case, the oxidation occurs on the α-carbon. Tertiary alcohols (R1R2R3C-OH) are 
resistant to oxidation, due to the absence of hydrogen on α-carbon [47]. The scheme of the 
oxidation reaction mechanism of alcohols is reported in Figure 2.4. Liquid α-diols, such as 
1,2-ethane diol (ethylene glycol, EG) or 1,2-propanediol (propylene glycol, PEG) are 
generally preferred  because presents an higher reducing power than the primary alcohols. 
However, also the diol ethers resulting from the condensation of α-diols, such as diethylene 
glycol (DEG), triethylene glycol (TEG) or tertaethylene glycol (TTEG) have been used as 
well [48]. The starting compound may be rather soluble (nitrate, chloride, acetate) or it 
may be only slightly soluble (oxide, hydroxide) in the polyol. The solution or the 
suspension is stirred and heated to a given temperature, which can reach the boiling point 
of the polyol for less reducible metals; conversely, for easily reducible metals (e.g. Pd) the 
reaction can be carried out at temperatures as low as 0°C from a suitable precursor. The 
polyol acts, at the same time, as a solvent, reducing agent, crystal growth medium for the 
metal particles and, in some cases, as a complexing agent for the metallic cations. The 
mechanism of formation and growth of metal NPs involves three steps:  
1. the dissolution of the precursor; 
2. the polyol reduction of the dissolved species; 
3. the nucleation and growth of the metal particles from the saturated solution. 
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Figure 2.4 Scheme of the oxidation reaction mechanism of alcohols 
 
The main features of this process is that it is possible, by acting upon the experimental 
conditions, to control the kinetics of the precipitation, and thus to obtain nonagglomerated 
metal particles with well-defined shape, a controlled average size from micrometer to 
nanometer size range, and a narrow size distribution. In order to obtain particles with such 
well-defined morphological characteristics it is necessary to maintain separated the 
“nucleation” and “growth” steps. 
 
2.3.1. Control of the nucleation step 
Nucleation is a purely thermodynamic model which describes the process of the first step 
in a first order phase transition. It describes the appearance of a new phase – the nucleus – 
in the metastable primary phase [49]. Spontaneous nucleation occurs when the 
concentration of the metal generated by the reduction reaches a critical supersaturation 
level. This is on the base of the classical nucleation theory (CNT) developed by LaMer’s 
and his colleagues back in the 1950s, in which the concept of “burst” nucleation has been 
introduce. 
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Figure 2.5 Nucleation and growth according to LaMer’s model 
 
The pioneering concept was developed from their research on various oil aerosols and 
sulfur hydrosols. In the burst nucleation process, the nuclei are generated in the 
homogeneous phase (homogeneous nucleation) and subsequently grow without additional 
nucleation. The basic idea of that MNPs formation concept is to separate nucleation and 
growth. It can be interpreted as a separation of a homogeneous from a heterogeneous 
phase. Such a process enables control of the particle size distribution during growth. The 
mechanism, displayed in Figure 2.5 , is as follows: 
I. the concentration of monomers is increasing (in the case of metallic NPs most 
likely due to reduction) and it reaches, at a certain time, a critical supersaturation 
level (CS) at which homogeneous nucleation occurs; 
II. the saturation increases and reaches a level (Cmin) at which the energy barrier 
(activation energy) for nucleation can be exceeded, leading to a rapid self-
nucleation – the burst nucleation;  
III. and due to the burst nucleation, the supersaturation level lowers immediately below 
this self-nucleation level ending the nucleation period; growth then occurs by 
diffusion of further monomers in solution towards particle surfaces which can be 
seen as heterogeneous nucleation/growth.  
The expected corresponding particle concentration with respect to time would increase fast 
at the self-nucleation stage (II) and a more or less constant value during the final growth 
stage (III). To prevent further nucleation during the growth step, supersaturation must 
remain at a low level. This can be achieved by different methods. Starting from a very 
soluble precursor, the reaction of formation of the final solid compound from the solution 
has to be carried out at a sufficiently low temperature. When various soluble precursors 
may be used, one can select the most suitable one. In other cases it is possible to control 
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the concentration of the precursor species in solution. These species being provided by the 
progressive dissolution of a sparingly solid phase (starting compound or intermediate solid 
phase) acting as a kind of reservoir. The dissolution equilibrium regulates the release of 
these species, controls the supersaturation ratio, and then allows having a very brief 
nucleation step [48]. The LaMer’s model and its modifications are still the only commonly 
accepted models describing the general mechanism of the MNP formation process. In 
principle, the model explains also conventional strategies for size adjustment of colloidal 
NPs, i.e. fast reduction to induce a rapid build-up of supersaturation. As a consequence, 
many nucleation events lead to many small NPs, and few events to less and bigger 
particles. Moreover, the principles of “seeded-growth” are derived from the concept of 
classical nucleation, i.e. suppressing further nucleation by slow reduction to use reduced 
monomers exclusively for growth on already formed particles. However, the LaMer model 
is not able to predict or characterize the evolution of NP size distributions; it only describes 
the process of nucleation followed by a growth of the stable nuclei, but the characteristics 
of the growth remain more or less unspecific.  
2.3.2. Growth and stabilization of NPs 
The particles growth may proceed by diffusion of the solute species toward the surface of 
the particles and stepwise addition of atoms or ions to form the clusters. Secondary larger 
particles can be formed by coalescence of primary particles. The mechanism is reported in 
Figure 2.6 [49]. In general, particles at the nanoscale are unstable and tend to agglomerate 
because at short interparticle distances they are attracted to each other by Van der Waals, 
electrostatic or magnetic forces. Without any counteractive repulsive forces NPs aggregate, 
agglomerate or undergo coalescent processes. Such repulsive forces can be achieved by 
electrostatic or steric stabilization, or a combination of these two (electrosteric forces) [50].  
 
 
Figure 2.6  Schematic of the generalized 3-step mechanism of nanoparticle growth. 
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Electrostatically stabilized NPs are described to have at least one electrical double layer 
due to a surface charging. The resulting Coulomb repulsion forces between the particles 
decay exponentially with particle to particle distance. If the electrostatic repulsion is 
sufficiently high, it prevents the particles from any kind of coagulation. The stabilizer is 
typically introduced during the formation of the NPs, and this is achieved via the chemical 
or electrochemical reduction or thermal decomposition of metallic precursors. The 
interaction between the stabilizers and the surface of the nanoparticle can take many forms, 
such as a strong covalent linkage (as in the case of a thiol), a chemisorbed atom or an 
electrostatic interaction with a layer of anions (within a double layer structure of a 
surfactant). The formation of NPs, in this particular case of MNPs of palladium, stabilized 
by the most common stabilizers (organic ligands, surfactants, polymers and dendrimers) is 
shown in Figure 2.7. 
 
Figure 2.7 Schematic representing the stabilization of palladium nanoparticles using different 
protecting groups: (a) surfactants; (b) polymers; and (c) ligands 
 
Steric stabilization can be provided by the polyol itself or by adding long-chain molecules, 
as polymeric matrixes. The adsorption of such protective agents can also be used to limit 
the growth if necessary in order to obtain MNPs.  Polymers, such as poly(N-vinyl-2-
pyrrolidone) (PVP) and poly(vinyl alcohol) (PVA), are widely used to protect NPs because 
of their commercial availability at relatively low cost and their solubility in a range of 
solvents, including water [51]. The use of polymers is often associated with the polyol 
method, in which a metal precursor is dissolved and reduced at high temperatures by an 
alcohol. The stabilizer performs the important role of nucleating agent for the metal atoms 
with a fast phase separation, since metal atoms coordinated to the polymer side-groups are 
forced at short distances during nucleation [52]. In the Figure 2.8 a schematic 
representation of the reduction process of metal salts in the presence of a stabilizing 
polymer is reported. 
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Figure 2.8 Schematic representation of the reduction process of metal salts in the presence of a 
stabilizing polymer 
 
Nevertheless, it must be pointed out that in some particular cases the formation of quasi-
spherical secondary metal particles. These small crystals or particles can be re-deposited 
on the on the surfaces of the dissolved species obtained in the early stages of precipitation, 
through a coalescence mechanism. This phenomenon known as “Ostwald ripening” is a 
common phenomenon taking place in solid solutions or liquid sols. 
2.4. Thermal decomposition 
The thermal decomposition processes (or thermolysis) play an important role in various 
practical fields including metallurgy, mineral conversion processes, pyrogenic chemical 
technology, pyrolysis and thermal treatment of wood and coal, combustion of natural and 
synthetic fuels, coal carbonization and so on. There is still need for scientifically well-
founded approaches to control the thermal decomposition of materials. Many researchers 
are studying the chemical decomposition of complex substances to develop the 
mathematical models for such processes. Nevertheless, the thermolysis process is widely 
used in the synthesis of nano-sized metal-polymer composites, and the bottom-up 
approaches result to be the most developed [53]. Between the thermochemical 
decomposition processes, the pyrolysis represents a new and rapid method for the 
nanocomposites preparation. Pyrolysis is a thermo-chemical decomposition process 
involving organometallic compounds, organic and inorganic salts and inorganic 
compounds at elevated temperatures, in the absence of oxygen. This process is most 
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commonly used for the nanostructured metals production [45,54–56]. It involves the 
simultaneous change of chemical composition and physical phase, and it is not reversible. 
Pyrolysis differs from other processes like combustion and hydrolysis because it usually 
does not involve reaction with oxygen, water, or any other reagents. In practice, it is not 
possible to achieve a completely oxygen-free atmosphere, because some oxygen is present 
in the pyrolysis system, so a small amount of oxidation also occurs. 
 
2.4.1. Brief introduction to suitable precursors for the thermolysis 
The most suitable compounds for the preparation of metal-polymer nanocomposites are: 
1. metal salts; 
2. organometallic compounds. 
 
2.4.2. Metal salts 
Many literature works report that a lot of metal-polymer nanocomposites have been 
prepared starting by inorganic salts of metals, such as metal nitrates like AgNO3 [57–59] or 
salts of metals as HAuCl4 [60], by dissolution into a polymer matrix. The advantage in the 
use of this kind of precursors is that they are commercially available products, so 
preliminary synthesis is not needed. It is possible to achieve the desired metal-polymer 
nanocomposites by thermal decomposition “in situ” of the inorganic salt, in a fast and 
scalable way. One disadvantage is that a good control on the morphology (shape and size 
distribution) is not guaranteed. In fact, only nanocrystals of irregular morphology 
embedded into the polymer are obtained with this kind of precursors. Also, the major 
disadvantage is the trapping of the by-products into the polymer. The organometallic 
compounds are the compounds most widely used in the thermolysis process. 
 
2.4.3. Organometallic Compounds 
An organometallic compound is a compound that must contain at least one metal atom and 
at least one organic portion bound to it; this classification criterion involves the existence 
of a particular bond between the atoms of the metal and the carbon atoms [61]. The 
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particular nature of organometallic compounds depends essentially on the fact that the type 
of bond between the atoms of the metal and the carbon atoms generally makes the 
molecules extraordinarily reactive. The simplest case is that of non-polar σ-bond between 
metal and carbon, which is preferably formed when the difference of electronegativity (or 
electron affinity) between the metal atoms and the carbon atoms is small. Examples of this 
type of bond can be found in the metal compounds of the groups IlIa and IVa, which may 
be very reactive, such as borotrimethyl (B(CH3)3), or relatively inert, such as silicon 
tetramethyl (Si(CH3)4) and tetramethyl lead (Pb(CH3)4). When the electronegativity 
difference between the metal and the carbon increases, the metal-carbon bond, which can 
still be formally described as a single σ bond, has a polar character, which we express here 
by means of the symbols δ+ and δ-. In this case the binding electrons are predominantly 
located on the carbon atom, and he resulting system is a dipole; molecules containing such 
binding tend to associate because of dipole-dipole interactions. A very special position in 
the knowledge of the organometallic chemistry of transition metals is occupied by metal-
carbonyls, which are extremely stable compounds. The most important metal-carbonyls are 
hexacarbonylchromium (Cr(CO)6), pentacarbonyliron (Fe(CO)5), cobalt tetracarbonyl 
hydride (Co(CO)4H) and tetracarbonilnichel (Ni(CO)4). A class of organometallic 
compounds most commonly used in the thermolysis process, and then in other techniques a 
CVD, PVD and so on, are the cyclopentadienyl derivatives. The first example is the 
“ferrocene” which is stable up to 400°C. The molecule is a sandwich complex containing 
two co-planar and perfectly symmetrical cyclopentadienyl rings [62], as is shown in Figure 
2.9;  its extraordinary stability stems from the fact that the bonding system has the 
configuration of an inert gas, with 8 electrons of iron(0) and 10π-electron by two 
cyclopentadienyl radicals. It is interesting to note that the molecule can be formally 
represented as an iron (II) and two cyclopentadiene anions. 
 
 
Figure 2.9 Typical sandwich-type metallocene and paracyclophane  
47 
 
 
The cyclopentadienyl anion (C5H5
-
 = Cp
-) is an aromatic 6π-electron system. The 
interaction of both Cp
-
 rings of sandwich-type metallocenes may be compared with that 
which takes place between benzene rings in simple paracyclophanes [62]. One of the 
important features of organometallic compounds is that they are generally sensitive to 
oxygen and water, usually it is necessary to treat them in an inert atmosphere of argon or 
nitrogen. For example the bis(cyclopentadienyl)magnesium (Cp2Mg), that is nowadays 
very much used for the synthesis nanostructured magnesium-based materials for hydrogen 
storage applications [63], is manipulated in an inert atmosphere. 
2.4.4. Introduction to the thermal decomposition mechanism 
Thermal decomposition is an exothermic process, so when the reaction occur, a certain 
amount of heat is released. This amount is usually directly proportional to the standard 
enthalpy of reaction of the corresponding compound. Different precursors can be used to 
generate the metallic nanoparticles; among them the metal acetylacetonates are most well-
known. Selections of the suitable precursors for the thermolysis process have been 
previously discussed. The study of the thermal behavior of a substance helps to determine 
the temperature at which the substance decomposes and the zero-valence state metal is 
formed. A scheme of the chemical reaction for a generic metal compound is the following:  
M-R2 (s)M(s) + R-R(g) 
in which M is a metal and R  is an alkyl group. Thermal decomposition occurs in close 
proximity to the decomposition temperature of the precursor chosen. At the end of the 
heating treatment the organic part of the compound is removed by evaporation, and the 
solid metal is formed. As in the polyol process, and in general in the chemical reaction, the 
control on the thermal decomposition process can be performed by choosing the 
physiochemical parameters like temperature, pressure, concentration of reagents, and so 
on. The additives used like a polymer as stabilizers, allows to obtain a perfect control of 
the morphology and the dimensions of the nano-sized metal formed [56,63].  
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2.4.5. Thermal decomposition of organometallic compounds 
embedded into the polymer matrix 
An inorganic phase (metal, metal oxide, metallic sulphide, etc.) finely divided (submicron 
or nanoscopic) can be uniformly generated within a polymer matrix by adding to it a 
thermolable organometallic precursor during processing. The characteristics required for 
the organometallic precursor are: (i) high solubility in the polymer, (ii) thermolysis at 
temperatures close to those of processing or otherwise compatible with the thermal 
stability of the polymer, (iii) generation of a volatile organic by-product that is completely 
eliminated during the process and (iv) reduced vapor pressure of the precursor which must 
decompose in solid or liquid phase but not in the gaseous state. It should also be pointed 
out that the use of polyolefin matrices (e.g. polyethylene, polypropylene, etc.) in the field 
of preparation of polymeric nanoparticles is the most complex situation, mainly for the 
difficulty of finding organometallic precursors soluble in these polymers. However, some 
organic salts and thermolable organometallic compounds possess such nonpolar nature to 
be similar to polyolefins and therefore be able to be dissolved in them in a large amount. A 
class of materials that has all the requirements to be used as precursor to generate metallic 
oxide and noble metal in polyolefins is represented by acetylacetonates (acac). Some of 
their coordinates complex as Me(acac)2 e Me(acac)3 are completely nonpolar and thus able 
to interact through non-binding interactions similar to those playing in the polyolefin 
polymers. These compounds can therefore be dissolved into the polyolefins and other 
apolar polymers even in high concentrations, leading to perfect solid solutions [64–66]. 
Many precursors commonly used in chemical vapor deposition (CVD) and epitaxial 
growth of atomic layers (ALE) are used in thermal decomposition processes. For example, 
the cyclopentadienyl derivatives are widely used because the organic part is sufficiently 
volatile at sufficiently low temperatures and therefore often decompose in vapor phase 
[45,62,63]. Many of these compounds are currently commercially available (e.g. many are 
supplied by Aldrich), so their use represents a virtually universal approach to the 
preparation of polymeric nanocomposites. The functional properties of the materials 
produced will depend of course on the type of charge generated in the polymer matrix. 
2.4.6. Preparation method 
The preparation of these polymeric nanocomposites involves two stages: the first is to 
provide the solid solution of the polymer precursor (blend precursor/polymer) by a wet-
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way, and the second concern is the thermal treatment of this solid solution used to promote 
the decomposition of the organic part of the precursor for the inorganic phase production. 
The blend precursor/polymer is generally prepared by dissolving the thermoplastic 
polymer and precursor in a suitable solvent which is then removed by evaporation at room 
temperature (casting from solution). This approach is known as “solvent mediated 
method”, and it is one of the easiest techniques for the preparing blends. Organic solvents 
such as tetrahydrofuran (THF), methyl ethyl ketone (MEK), chloroform (CHCl3), acetone 
((CH3)2CO) are usually used since both precursor and the polymer dissolves in them. The 
solution containing the precursor is rapidly added to that of the polymer to form a mixture. 
After casting, the solvent has to be removed and the achieved blend is thermally treated. 
During the thermal treatment, the organic compound is decomposed and the inorganic 
phase embedded into the polymer matrix is formed. The poor mobility of metallic clusters 
into the polymer matrix reduces the possibility of aggregates formation, while the low 
diffusion value of atomic and molecular species and the high temperature used 
respectively, reduce the growth rate of the clusters and significantly increase the nucleation 
rate leading to the achievement of an nanoscopic phase uniformly dispersed and in an non-
aggregated form. 
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Chapter 3 
Synthesis and Characterization of 
Palladium Clusters by Polyol 
Reduction of [PdCl4]
2- Ions2 
 
3.1. Introduction 
Palladium nanoparticles have important applications in different industrial fields (for 
example, catalysts, electrically conductive inks, materials for hydrogen-storage, sensors, 
etc.) [1–4]. In particular, the nanostructured palladium is one of the most investigated 
model system for understanding the hydrogen interaction with metal surfaces. Despite the 
low hydrogen storage capacity of palladium (the highest observed hydrogen uptake was ca. 
0.7 wt%), the study of the processes involved in the nanoclusters production allowed to 
understand the general approach to be used for the nanostructured H2-storage materials 
preparation. In addition, the palladium plays an important role in the H2-dissociative 
adsorption on its surface, followed by H atoms diffusion to the support on which it is 
deposited (“spillover mechanism”, see Figure 1.18). Their physicochemical properties 
strictly depend on their size. For that reason, chemical methods aimed at achieving tailored 
nanoparticles are required. Many studies on the preparation of palladium particles, 
nanoparticles, and clusters (i.e., nanoparticles with a size of few nanometers) are available 
in the literature [5–15]. Under uncontrolled conditions “palladium black”, which is 
                                                 
 
2
This chapter is based on the results published in: L.Schiavo et al; “Synthesis of Palladium Clusters by Reduction of 
K2PdCl4 with Ethylene Glycols”. IEEE NANO 2015, Proceedings of the 15
th International Conference On Nanotechnology, 
27-30 July 2015, Roma, Italy. DOI 10.1109/NANO.2015.7388979 
 L. Schiavo et al; “Structural Characterizations of Palladium Clusters Prepared by Polyol Reduction of [PdCl4]2−Ions.J. 
Anal Methods Chem.Vol.2016 (2016), Article ID 9073594, 6 pages 
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agglomerated of fine palladium particles (average size less than 0.1μm), is produced by 
using the “polyol-process” approach. This method involves the chemical reduction of a 
metal salt by refluxing it in a liquid polyol. Among the others, ethylene glycol (EG), 
glycerol (GLY), diethylene glycol (DEG), and triethylene glycol (TEG) are at the same 
time discrete solvents for the precursor and good dispersing medium for the resulting 
nanoparticles [5–7]. Palladium particles in the submicrometer range were synthetized at 
low temperature (below 0°C) by using palladium(II) tetrammine complex as precursor and 
hydrazine hydrate as auxiliary reducing agent [6]. In the same conditions, submicrometer-
sized monodisperse and quasi-spherical palladium particles with an average diameter of ca. 
0.15μm were obtained by changing the type of polyol [7]. It was also noted that the use of 
stabilizers makes possible to obtain shape-controlled palladium particles on a nanoscopic 
scale [5–8]. The chemical synthesis of palladium nanoparticles with different stabilizers as, 
for example, organic ligands, salt/surfactants, polymers, and dendrimers allows to obtain 
monodispersed nanosized palladium with well-controlled particle size and shape in the 1-
100nm range [13]. Poly-(N-vinyl-2-pyrrolidone) (PVP) is one of the most investigated 
polymers for stabilize metal nanoparticles [11–16]. It is very interesting as achelating agent 
able to leads to very small particles. The morphology of the palladium nanoparticles 
obtained in presence of PVP can be finely tuned by changing the reaction conditions like 
temperature, reaction time, metallic precursor type, etc. [11].  
In this chapter is described the palladium clusters preparation with a very simple synthesis 
technique based on the polyol reduction of K2PdCl4 in ethylene glycol and in air at mild 
temperature conditions, using PVP as polymeric surface stabilizer. The reaction 
mechanism involved in the palladium ions reduction is reported in Figure 3.1.  
 
 
Figure 3.1 Palladium reduction mechanism 
 
From this synthesis, polymer-embedded palladium clusters of quasi-spherical shape have 
been obtained. The experimental conditions (the temperature, the type/amount of salt, the 
concentrations, etc.) have been selected to reduce completely the precursor and get 
extremely small clusters. The structure and the surface oxidation state of palladium clusters 
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were characterized in order to evaluate the effects of a non-inert atmosphere on their 
synthesis. The techniques used for the palladium clusters characterization are described in 
the Appendix B. 
3.2. Experimental details 
The experimental section consists of three parts: the first part concern the study of the 
chemical reduction process of different palladium salts in EG, without the use of the 
surface stabilizer. This study is necessary to find a suitable precursor able to completely 
dissolve in the polyol liquid before its reduction. In this way, the dissolution and the 
reduction processes can be consequential and not concomitant. The choice of a suitable salt 
allows to have a good control on nucleation and growth steps. The dissolution of palladium 
salts like palladium (II) nitrate hydrate Pd(NO3)2 x H2O (Aldrich), Palladium(II) chloride 
PdCl2(Aldrich, 99%), Palladium(II) acetyl-acetonate Pd(acac)2 (Aldrich, 99.0%) and 
Potassium tetrachloropalladate(II) K2PdCl4 (Aldrich, 99.99%) in EG was investigated. 
Every salt has been used without any purification. A solution of every salt was prepared. 
Every solution was stirred and heated at given temperature, ranging from room 
temperature to 90°C, in any case lower than the boiling point of the polyol. During the 
process, the solution color changed from yellow or light-brown to black, it was an 
indication of the palladium ions transformation into palladium clusters.  
The second part of the experimental section concerns the preparation and the 
characterization of nanocomposites palladium-based by polyol reduction of [PdCl4]
2-
 ions 
in PVP. The schematic representation of nanocomposite sample preparation process is 
shown in Figure 3.2. The preparation of palladium nanocomposites involve the dissolution 
of the poly(N-vinyl-2-pyrrolidone) (Aldrich,   ̅̅ ̅̅ ̅ =10,000 gmol-1) in EG (Aldrich, 99.0%) 
(Figure 3.2, 1°step). The polymeric solution was placed in a thermostatic bath at 
temperatures ranging from 70°C to 90°C for 120 minutes in air. Separately, a small volume 
of a concentrated K2PdCl4 (Aldrich, 99.99 %) solution in EG was prepared (Figure 3.2, 
2°step) and it was quickly added to the PVP/EG solution at chosen temperature and room 
atmosphere under vigorous stirring. The PVP concentration in ethylene glycol was of 
30mM and the molar ratio Pd(II):PVP (the repeating unit) was 1:10 [7]. During the 
reaction time, the solution color changed from light-brown to black (Figure 3.2) while the 
palladium clusters formed [14]. After a thermal annealing of 120 minutes the solution was 
cast into a large amount of pure acetone (Aldrich) and the system was left at room 
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temperature for 12h. Subsequently, the acetone supernatant was removed and replaced 
with fresh acetone (100mL), and the system was treated in bath-sonication for 30 minutes. 
This washing procedure was repeated three times. The PVP completely flocculated from 
this non-solvent liquid (ethylene glycol/acetone mixture), co-precipitating the coordinated 
palladium clusters. Different reaction temperatures have been investigated (70°C, 80°C 
and 90°C). The palladium clusters obtained by reduction at 90°C for 120 minutes were 
quite monodispersed and had an average diameter of ca.2.8 nm. The nano-sized palladium 
particles (free from aggregates and with a polyhedral shape) were isolated in a polymer-
embedded form. 
 
Figure 3.2  Schematic representation of nanocomposite preparation process by polyol reduction of 
[PdCl4]
2-
 ions in PVP 
 
The third part of this chapter concerns the complete characterization of the palladium 
nanocomposites prepared at 90°C for 2h. The structural analysis of PVP-embedded 
palladium clusters was performed by using different microscopy and spectroscopy 
techniques, such as the transmission electron microscopy (TEM), the scanning electron 
microscopy (SEM) and the X-ray powder diffraction (XRD). The characterization of the 
elements and their distribution was performed by using both the energy dispersive X-ray 
microanalysis (EDS-SEM) and X-ray Photoelectron Spectroscopy (XPS) analysis. The last 
analysis was used also to identify the chemical state of the palladium nanocrystals 
produced. Other techniques, such as the thermogravimetric analysis (TGA) or UV-Vis 
spectroscopy (UV) for the phase characterization, were used. The aforementioned 
techniques are described in the Appendix B. 
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3.3. Experimental results 
3.3.1. Chemical reduction without surface stabilizers 
The study of the chemical reduction process of different palladium salts in EG, without the 
use of the surface stabilizer, has been performed. The starting salts used were: 
palladium(II) nitrate hydrate (Pd(NO3)2۰xH2O, Aldrich), palladium(II) chloride (PdCl2, 
Aldrich, 99%), palladium(II) acetyl-acetonate (Pd(acac)2, Aldrich, 99.0%) and potassium 
tetrachloropalladate(II) (K2PdCl4 , Aldrich, 99.99%). The salts were used without any 
purification. Every salt have been dissolved separately in ethylene glycol (Aldrich, 99.8%). 
 
 
Figure 3.3 Solubility tests on different palladium salts 
 
The Pd(NO3)2xH2O (Figure 3.3) was the first precursor studied. The alcoholic solution was 
stirred at room temperature for few minutes, while nothing happened. Only when the 
solution was heated at a temperature ranging from 40°C to 60°C, the reduction quickly 
happened. At this point, a black solution with a powder on the bottom of the bottle 
appeared. The fast reduction suggests that the dissolution and reduction processes were 
occurred at the same time, making difficult the control on the nucleation and growth of the 
nanoparticles produced. For this reason, another salt, the PdCl2, was investigated. Unlike 
was been happened for Pd(NO3)2 x H2O, the palladium(II)chloride was resulted completely 
insoluble in EG, both at room or at a higher temperature (Figure 3.3). In order to improve 
the dissolution process, the PdCl2/EG solution was treated in a bath-sonication for 30 
minutes. However, also in this case the PdCl2 non-polar nature avoids its complete 
dissolution in EG. Successively, an organic salt of palladium, the Pd(acac)2, was tested. 
The photographic images related to the temporary evolution process of Pd(acac)2 
dissolution in EG at 90°C during the time, is reported in Figure 3.4. Such salt was 
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completely and quickly dissolved at low temperature (60°C) in the EG, giving a light 
yellow solution (Figure 3.4, 1). After formation, the color of the solution remained stable, 
at room temperature. This solution was then heated at different temperature (70°C, 80°C 
and 90°C) for different times (60, 120 and 180 minutes). The reduction at 90°C for 120 
minutes led to a gradual changing of the salt color during the time up to become black. It 
meaning that a complete reduction was occurred (Figure 3.4, 4). After a thermal annealing 
of 120 minutes, the solution was washed three times with acetone and dried at room 
temperature. Palladium powders have been obtained. 
 
 
Figure 3.4 Photographic images of the temporary evolution process of the Pd(acac)2 dissolution in EG 
performed at 90°C at different reaction times: t = 0s (1), t = 600s (2), t = 1800s (3) and t= 3600s (4) 
 
The SEM micrographs of palladium powder are shown in Figure 3.5. The palladium 
powder obtained by chemical reduction of Pd(acac)2 in EG at 90°C have shown the 
formation of a Pd spongy structure (Figure 3.5), made of smaller palladium nanoparticles 
of about 5nm (Figure 3.5, D) tightly sintered together (Figure 3.5, A-D). This sintering 
process was probably driven by a minimization of surface area that leads to a decreasing in 
surface energy. This happens when two particles coalesce [17]. The chemical composition 
evaluated by using EDS-SEM measurements has revealed that the powder was mainly 
composed of palladium (42 wt%), carbon (39 wt%), oxygen (7 wt%) and traces of other 
elements, coming from the reagents. The micrographs images obtained by overlapping the 
signals coming out from back-scattered electrons (BS - yellow) and secondary electrons 
(SE - green) (Figure 3.5, E and F) underline the presence of two different phases. In 
particular, it is quite evident the presence of a phase, probably an organic phase, that 
covers the palladium sponge. The organic phase was probably due to the presence of a 
monoalkoxide specie (-OCH2CH2OH) formed on Pd [18], coming out from the precursor. 
The presence of this unremoved organic phase was strongly unsuitable for the 
nanoparticles preparation. For that reason, a complex salt of palladium, the potassium 
tetrachloropalladate(II) K2PdCl4 was investigated. This salt was completely and fastly 
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dissolved in EG at room temperature (Figure 3.3). The solution becomes brown and its 
color, at room temperature, unchanged with time. This solution was heated at 90°C and a 
gradual color changing was observed. After 120 minutes the black color was stable, 
meaning that a complete reduction was occurred. The morphology of palladium powders is 
shown in Figure 3.6. 
 
 
Figure 3.5 SEM micrographs of palladium powder obtained by chemical reduction of Pd(acac)2 in EG 
at 90°C (A-D) and micrographs images obtained by collecting back-scattered electrons (yellow) and 
secondary electrons (green) (E,F). 
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Figure 3.6 SEM micrographs of palladium powder obtained by chemical reduction of K2PdCl4 in EG 
at 90°C  
 
Like in the Pd(acac)2 case, a high palladium spongy structure was obtained, but with a 
composition made mainly of nanostructured palladium (90 wt%) of a size ranging between 
30-40 µm. The nanoparticles synthesis was probably due to mechanisms of atomic 
diffusion in the solid phase. The thermal stability of K2PdCl4 salt was evaluated by 
thermogravimetric analysis (TGA), heating the sample under fluxing air and nitrogen 
atmosphere at a rate of 10°C/min. The TGA thermogram was reported in Figure 3.7. 
 
 
Figure 3.7 TGA thermogram of K2PdCl4 salt performed at rate of 10K/min in air and nitrogen 
atmosphere 
 
The TGA supplied important information about the decomposition temperature, which 
resulted to be about 530°C both in air and under nitrogen atmosphere. The decomposition 
temperature was much higher than the reaction temperature (90°C). This suggests that for 
the palladium powder formation a redox process was involved. The residual weight at the 
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end of TGA tests was of 32.60 wt%, which exactly corresponds to the Pd weight 
percentage contained in a K2PdCl4 stoichiometric salt (e.g. salt does not contain 
impurities). The amount of Pd wt% in K2PdCl4 palladium salt is calculated by the ratio of 
the Pd atomic weight (ma = 106,42u) and the K2PdCl4 molecular weight (Mw = 326,42 
g/mol), per cent. The chemical reduction process of different palladium salts in EG was 
investigated. Nanostructured palladium powders were prepared by using potassium 
tetrachloropalladate(II) (K2PdCl4) as a source of palladium nanoparticles. Nanocomposites 
palladium based, embedded in PVP polymer matrix, will be prepared by using this salt. 
 
3.3.2. Chemical reduction with surface stabilizers 
In order to evaluate the temperature effects on palladium nanoparticles produced, three 
different temperatures, 70°C, 80°C and 90°C, were investigated. The morphology and the 
particles size distribution of three different Pd/PVP samples are reported in Figure 3.8. In 
particular, in Figure 3.8, A, C and E are reported the Pd/PVP nanocomposites micrographs 
prepared at 70°C, 80°C and 90°C, respectively. As it is visible, the Pd/PVP 
nanocomposites prepared at 70°C and 80°C presents a non-homogeneous particle size 
distribution of the clusters, with an average size of about 4nm.  The chemical reduction of 
[PdCl4]
2-
 ions performed at 90°C for 120 minutes produced mono-dispersed clusters 
[14,19], of a quasi-spherical shape. Such crystals had an average size of about 3nm (see 
Figure 3.8, E). 
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Figure 3.8 TEM-micrographs of palladium clusters produced by reduction of [PdCl4]
2-
 at 70°C (A), 
80°C (C), and 90°C (E) and the corresponding particle size distributions (B,D and F) 
 
The XRD pattern of the palladium clusters obtained in the above experimental conditions 
is shown in Figure 3.9. A higher and broader peak at 2θ = 40.1º, corresponding to the (111) 
of palladium diffraction pattern, was observed [9,14,19]. According to JCPDS-461043 
files, such diffraction peak can be well-indexed to face-centered cubic (fcc) of Pd, 
indicating that the as-prepared Pd clusters have a high purity and high crystallinity. The 
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Pd/PVP nanocomposites prepared at 70°C, 80°C showed other three peaks at 29.6º, 30.8º 
and 43.2º, respectively. These peaks can be attributed to a salt reagent not completely 
converted. These peaks were absent in the Pd/PVP nanocomposite prepared at 90°C. The 
mean particles size for the Pd/PVP nanocomposites prepared at 90°C for 120 minutes 
estimated by the Scherrer’s equation on the broader peak at 2θ = 40.1º resulted of about 
5nm, which is consistent with TEM measurement. 
 
 
Figure 3.9 XRD spectra of palladium clusters produced by reduction of [PdCl4]
2-
 at 70°C (red curve), 
80°C (green curve) and 90°C (blue curve). 
 
XPS was used to investigate the oxidative state of palladium phase. X-ray Photoelectron 
Spectroscopy (XPS) has been carried out in a UHV apparatus equipped with an X-ray 
source (Mg Kα photon at 1253.6eV). In order to perform XPS analysis, the sample 
powders were dispersed in isopropyl alcohol, dropped on a Si(100) substrate previously 
cleaned in a sonication bath of trichloroethylene-acetone-isopropyl alcohol, and left to dry 
in air for 24 hours, before being inserted into the UHV chamber. The wide-scan BE spectra 
(not shown here) of the Pd clusters embedded in PVP evidence the nature of all contained 
chemical species: C, O, N and a very small contribution from Pd. All core levels are 
shifted towards higher BE, caused by charging effects during the analysis due to the 
presence of the non-conducting polymeric phase that gives to all core levels different shifts 
from one sample to the others. Figure 3.10 shows the Pd3d region for a PVP film and PVP-
embedded Pd nanoparticles.   
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Figure 3.10 XPS Pd3d spectra of Pd clusters embedded in PVP, produced by reduction of [PdCl4]
2-
 at 
70°C, 80°C and 90°C, and of a pure PVP sample for reference. 
 
Pd3d core level is located at 337.0 – 339.0eV, with a spin-orbit splitting of 5.27eV. Its 
intensity is very low, suggesting that the photoemission signal from the nanoparticles 
strongly reduced by the presence of PVP [20]. The Pd3d peak position can be rescaled, 
according to the charging effects, to lower BE thus suggesting that the as-prepared Pd 
nanoparticles are in a zero-valent chemical state rather than oxidized [20,21]. The atomic 
percentage of each chemical species has been evaluated from the core level intensities and 
for Pd it ranges from 0.10 to 0.20%, a value close to the XPS sensitivity limit. Considering 
all the chemical species, the relative percentages have been reported in Table 3.1. The C, O 
and N atomic percentages are in agreement with the reference sample for the nanoparticles 
obtained at 90°C, while an increased content of carbon is found for the other preparation 
conditions, probably due to the variable content of monoalkoxide species on the palladium 
nanoparticles surface [18]. 
 
Samples 
Atomic percentages of C, O ,N and Pd 
% C %O %N %Pd 
Pd-PVP_90°C 74.9 12.0 13.1 0.1 
Pd-PVP_80°C 84.3 11.2 4.4 0.1 
Pd-PVP_70°C 88.2 11.8 7.7 0.2 
PVP 73.4 10.5 16.1 0.0 
Table 3.1 Atomic percentage of chemical species by XPS analysis 
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3.3.3. Structural Characterizations of Palladium Clusters Prepared by 
Polyol Reduction of [PdCl4]
2−
 Ions 
From previous experimental results it has been found that the chemical reduction of 
[PdCl4]
2-
 ions at 90°C for 120 minutes produced mono-dispersed clusters with very small 
average size of ca.3nm (Figure 3.8, E and F), confirmed by the presence of a broad peak 
located at 2 = 40.1°, corresponding to the (111) lattice plane of palladium diffraction 
pattern (according to JCPDS-46104) (see Figure 3.9). The broad shape and the low 
intensity of such peak can be attributed to the extremely small crystal size. The mean 
particle size estimated by the Scherrer’s equation [22] applied on (111) Pd diffraction peak 
(see Figure 3.9) was resulted to be ca. 5nm, which consistent with TEM measurements. 
Starting from these results, a deep investigation of this Pd/PVP nanocomposite prepared at 
90°C was performed, with many others characterization. The starting colloidal solution 
was also analyzed. The temporal evolution of UV-Vis absorption spectra of the reactive 
system is reported in Figure 3.11. The freshly prepared solution was promptly placed in the 
UV-Vis spectrophotometer, previously thermostated at 90°C, to evaluate the variation of 
the absorption peaks during the reaction. 
 
 
Figure 3.11 UV-Vis absorption spectra at different reaction times during the reduction of [PdCl4]
2-
 at 
90°C 
 
As shown in Figure 3.11, at the beginning of the reaction (0-40s curves) two strong 
characteristic absorption peaks at ca.305nm and 330nm and a shoulder at ca. 440nm are 
present, corresponding to [PdCl4]
2- 
ions [8,15]. It can be seen that no significant change in 
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the absorption peaks was observed after 40s. When the reaction proceeded for 80s, the 
peaks at 305nm and 330nm slowly begin to shift at higher wavelengths, and the shoulder at 
ca. 440nm begins to disappear. The absorption spectrum exhibited a typical light-scattering 
phenomenon, thus indicating the palladium nanoparticles formation. The light-scattering is 
further enhanced with time, due to the increase of Pd nanoparticles, reaching an intensity 
maximum after 1800s. At this time the two peaks at 305nm and 330nm were shifted at 
332nm and 355nm respectively, and the shoulder at ca. 440nm disappears.  During the 
process, the solution color changed from light-brown to black because of the [PdCl4]
2-
 ions 
disappearance and palladium clusters formation, indicating that the reduction process was 
complete after 240s. After this time, only a rising of the absorbance baseline was observed, 
due to the scattering of the palladium nanoparticles formed into the polymer. 
The thermal behavior of Pd/PVP sample in air was then investigated. The thermogram of a 
Pd/PVP sample is shown in Figure 3.12. Most of the weight loss is in the range 400°C- 460 
°C and the residual weight is of 0.6 wt% (see inset in Figure 3.12). The amount of residual 
weight that corresponds to the synthetized Pd(0) phase, is higher than the expected 
theoretical value (0.1wt.%), probably due to the PVP loss during the washing cycles and to 
traces of impurities coming from K2PdCl4. The expected theoretical value was calculated 
using the initial weight of the K2PdCl4 salt and of PVP, used for the nanocomposites 
preparation. According to the stoichiometric amount of Pd present in K2PdCl4 (32.60% by 
weight), it was possible to calculate the amount of palladium present in the initial mass of 
salt (of about 0.085g). The initial PVP amount was of about 24.4g. The synthetized Pd(0) 
phase theoretical value was calculated as weight ratio of the palladium present in the initial 
mass of salt on the total weight of the sample (palladium weight and polymer weight).  
The morphology of the residual Pd (of 0.6 wt%), is shown in Figure 3.13 A,B and C. A 
continuous metallic structure, generated by coalescence/sintering of adjacent palladium 
clusters after PVP removal, is clearly visible. The chemical composition of the residual Pd 
after the TGA tests was determined by using the energy-dispersive X-ray spectroscopy 
(EDS-SEM) (Figure 3.13,D). This material was mainly composed of oxygen and palladium 
together with traces of other elements, coming from the reagents.  
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Figure 3.12 Thermogram of palladium clusters embedded in PVP produced by reduction of [PdCl4]
2-
 
at 90°C performed at rate of 10K/min in air 
 
 
 
Figure 3.13 SEM micrographs of the residual palladium clusters obtained by TGA tests in air (A, B 
and C) and the corresponding compositional EDS-SEM analysis (D)  
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XPS was employed to investigate the chemical state of the palladium nanoparticles and 
qualify the interaction between PVP molecules and palladium atoms during the formation 
of PVP-capped palladium nanoparticles. Figure 3.14 shows the wide binding energy (BE) 
range spectrum for the PVP-capped Pd nanoparticles compared to the PVP reference 
spectrum, putting in evidence the presence of all the expected chemical species, that are C, 
O, N (both Auger emission and core levels are clearly identifiable) and a very weak 
contribution from Pd3d core level. All core levels are shifted towards higher BE, a 
phenomenon that is related to charging effects during the analysis due to the presence of 
the polymeric not-conductive material [23]. Such a shift can be evaluated to be about 
+2.5eV from the main C1s component, that should be at 285eV. 
 
 
Figure 3.14 XPS wide-range spectra of Pd nanoparticles embedded in PVP and of a pure PVP 
(reference) 
 
Figure 3.15 shows the Pd3d region for a PVP film and PVP-capped palladium 
nanoparticles. Pd3d core level is located at 338.0eV, with a spin-orbit splitting of 5.27eV. 
Taking into account charging effects, the peak position for Pd3d can be rescaled to lower 
BE suggesting that the as-prepared Pd nanoparticles are in a metallic chemical state rather 
than oxidized [20,21,24].  
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Figure 3.15 XPS Pd 3d spectra of Pd nanoparticles in PVP and of a pure PVP sample for reference. 
 
The Pd core level intensity is very low, as it is shown with the comparison of a PVP 
sample without Pd particles (Figure 3.15). Such a low intensity can be probably related 
also to the presence of the capping PVP layer, leading to a strong photoemission signal 
decrease as the escape depth of Pd photoelectrons is in the range of few nanometers [25]. 
The surface atomic percentage of each chemical species has been evaluated from core level 
intensity and for Pd is 0.1 %, a value close to the XPS sensitivity but in agreement both 
with the low density of the nanoparticles observed by the TEM images and with energy-
dispersive X-ray spectroscopy (EDS-SEM), (Table 3.2).  
 
Elements Weight (%) 
from EDS 
Atomic (%) 
from EDS 
Atomic (%) from 
XPS 
%C 76.7 82.0 76.1 
%O 22.1 17.8 12.4 
%Pd 1.2 0.1 0.1 
Table 3.2 Weight and atomic percentages obtained by EDS-SEM and XPS analysis for palladium 
clusters embedded in PVP produced by reduction of [PdCl4]
2-
 at 90°C. 
 
Considering other chemical species, the following percentages have been found: 76.1 % 
for C1s, 12.4% for O1s and 11.4% for N1s, in good agreement with the chemical formula 
of PVP showing theoretical atomic percentages of 75.0% for C, 12.5% for O and 12.5% 
for N. 
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3.4. Conclusion 
Extremely small and monodispersed palladium clusters (average diameter of about 2.6nm 
by TEM) have been produced by reduction of [PdCl4]
2-
 ions with ethylene glycol at 90°C, 
without inert atmosphere and in presence of PVP as surface stabilizer. A very simple 
synthetic approach has been proposed. The study was verified by a complete 
characterization of Pd clusters with different techniques, aimed to study their properties 
from different points of view. A complete structural/morphological characterization of the 
chemical composition and Pd valence state was performed. The experimental results show 
that the reaction conditions (i.e. temperature, time, metallic precursor type, etc.) play an 
important role in controlling both the size of synthesized palladium nanoparticles and their 
chemical properties. A correct choice of the conditions allowed to obtain small and non-
oxidized particles, suitable for different technological applications, ranging from catalysis 
to membranes for hydrogen storage, etc. In addition, we have recently discovered that, as a 
result of quantum-size effects, palladium may acts as a catalyst in the polymers 
combustion
3
. 
 
 
 
 
 
 
 
 
 
 
 
                                                 
3 L.Schiavo et al; “Catalytic effect of Pd clusters in the poly (N-vinyl-2-pyrrolidone) combustion”, submitted in October 2017. 
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Chapter 4 
Synthesis and characterization of 
nanostructured magnesium composites 
into a poly(methyl methacrylate) 
(PMMA) matrix 
 
4.1.  Introduction 
The hydrogen storage technologies represent the critical point for the transport systems H2-
based developing [1,2]. Recently, a group of Mg-based hydrides stands as promising 
candidate for competitive hydrogen storage, with reversible hydrogen capacity up to 7.6 
wt% for on-board applications [3–6]. Many researchers have focused their attention toward 
the development of new nanostructured magnesium-based materials and their composites, 
due to their improved properties, as fast kinetics, high hydrogen storage capacity in a 
reversible way, and lower desorption temperature, than to the corresponding bulk materials 
[7–11]. A most common method used for the nanostructured magnesium production was 
the ball-milling technique, because is a cheap scalable and easy of use approach [3,12]. 
This technique allows to obtain significant surface improvements due to the formation of 
micro/nanostructures, and also of the defects up to inside to the materials, that produce an 
increasing of surface area [13]. The kinetics and thermodynamic parameters are strictly 
connected to surface properties, and they improves with the surface area increasing, 
showing better properties than the corresponding bulk materials [3,8]. However, the most 
important disadvantage of the mechanical alloying process concerns an oxidized layer 
formation on magnesium surface. The oxygen layer causes changes in the surface 
properties, thus inhibiting the hydrogenation. Actually, an air-stable composite material 
consisting of metallic Mg nanocrystals in a gas-selective polymer, poly(methyl 
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methacrylate) (PMMA) was developed [14]. The use of a polymer offers different 
advantages. It can be used like a stabilizing agent able to produce a tailored material, 
simply modifying the synthesis parameters as temperature, pressure or precursor/polymer 
concentration. Different nucleation processes occurred changing these parameters, and 
crystals of different sizes can be achieved. Besides, the use of a gas-selective polymer, as 
PMMA, allows to mitigate the oxygen and humidity diffusion towards the Mg nanocrystals 
embedded in it. At the same time, it enhances the hydrogen permeability. In addition, the 
improved nanocomposites flexibility promoted by using the polymer matrix allows to 
withstand the volume expansion during phase transition between Mg and MgH2. 
Impressively, the produced Mg/PMMA nanocomposites have shown stability after two 
weeks of air exposure [14]. The novel nanocomposites facilitate hydrogen storage with 
both high density (up to 6 wt% of Mg, 4 wt% for the composite) and rapid kinetics 
(loading in <30 min at 200°C) without using heavy metal catalysts. The remarkable uptake 
capacity and kinetics can be sustained for a few adsorptions and desorption cycles, with 
only slightly decrease of dehydrating rate. For these reasons, such new interesting Mg 
nanocomposites certainly deserve further attention.  
In this research activity an innovative method for the nanocomposites Mg-based by 
thermolysis of an organometallic compound, the bis(η5-cyclopentadienyl) magnesium(II) 
(Cp2Mg), embedded into a poly(methyl methacrylate) (PMMA), was developed. The 
bis(η5-cyclopentadienyl) magnesium(II) [15–17] (Cp2Mg), belonging to the magnesocene 
class, consists of two cyclopentadienyl anions (Cp
-
, which is C5H5
-
) bounded to a central 
metal (M
2+
) in the oxidation state II, with the resulting general formula (C5H5)2 M. The 
schematic illustrations of Cp2Mg general chemical structure (A) and of the ball-and-stick 
model (B), where the cyclopentadienyl anions are in a staggered conformation, are 
reported in Figure 4.1.  
 
 
Figure 4.1 Cp2Mg general chemical structure (A) and of the ball-and-stick model (B) 
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According to IUPAC, a metallocene contains a central metal and two cyclopentadienyl 
ligands coordinated in a sandwich structure. The cyclopentadienyl anion is an aromatic 6π-
electron system. Both anions are on parallel planes with equal bond lengths and strengths. 
The Mg
2+
 cation should be enough small (r ≈ 0.65 A˚) to facilitate the interaction of both 
Cp
- 
rings [18], which can be easily removed from the structure by a heating treatment [19]. 
Its structure is similar to that of ferrocene Fe(C10H10)2 [16,20]. Thanks to this particular 
kind of structure, Cp2Mg was widely used as a cyclopentadienyl group transfer reagent, in 
the preparation of metal cyclopentadienyl complexes and it has also been used as a 
polymerization catalyst [21]. In the last 20 years, Cp2Mg has been also used as a dopant 
source for the growth of p-type semiconductor films by chemical vapor deposition (CVD) 
techniques [22,23]. The Cp2Mg low melting point (176°C) and the reduced vapor pressure 
[15,16] make this compound particularly suitable as precursor in the thermolysis approach. 
A new method, for the nanocomposites Mg-based materials preparation, was proposed. 
The nanocomposite sample preparation process consist of two steps: the first step concerns 
the precursor/polymer solid solution preparation, called “Cp2Mg/PMMA”, which 
corresponds to a “reactive system” made of the two starting reagents mixed together by a 
“solvent mediated method”, in which tetrahydrofuran (THF) is used as solvent. The second 
step concerns the thermal decomposition (or thermolysis) of such solid solution on a 
heating ceramic plate for the nanostructured magnesium embedded into the polymer 
(Mg/PMMA) formation. The annealing is used to remove the two radicals fragments 
(۰C5H5) coordinated to the central metal of the precursor embedded into the polymer 
matrix. The homolysis of the C-Mg bonds promotes the Mg-nanocrystals embedded into 
the polymer formation. Different characterizations have been performed. Microscopic and 
spectroscopic techniques were used for the structural and morphological Mg-nanocrystals 
embedded into the polymer characterization. The transmission electron microscopy 
(TEM), the scanning transmission electron microscopy (STEM) and the electron energy 
loss spectroscopy (EELS) measurements have been used to obtain information about the 
morphology, the atomic and electronic structure of the magnesium nanocrystals. The 
thermal stability both of the reactive system and of the magnesium nanocomposites has 
been studied by thermo-gravimetric analysis (TGA). The functional groups decomposition 
of the precursor, both in the pure form and as solid solution, was investigated by FTIR 
analysis. The optical spectroscopy (UV-Vis) was also used to investigate the reactive 
system. The surface composition of the samples was investigated using the X-ray 
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Photoelectron Spectroscopy (XPS) and the energy dispersive X-ray microanalysis (EDS-
SEM) analysis. The techniques aforementioned are described in the Appendix B. 
4.2. Experimental details 
The nanostructured magnesium composites preparation has involved two steps: the first 
step concerns the polymer/precursor solid solution preparation (Cp2Mg/PMMA blend) by a 
wet-way; the second step concerns the thermal annealing of such solid solution. A 
schematic representation of nanocomposites sample preparation process is reported in 
Figure 4.2.   
 
 
Figure 4.2 Schematic representation of nanocomposite sample preparation process 
 
The raw materials were commercial products: poly(methyl methacrylate) (PMMA) of two 
different molecular weights (  ̅̅ ̅̅ ̅ ~120,000 by GPC and average   ̅̅ ̅̅ ̅ ~350,000 by GPC); 
the bis(η5-cyclopentadienyl)magnesium(II) (Cp2Mg, purified by sublimation, 97%); the 
tetrahydrofuran (THF) (anhydrous ≥99.9%, inhibitor-free). All materials were purchased 
from Sigma-Aldrich and used as received. The whole process was performed in a 
“LABmaster Up” glove box workstation from MBraun, operating under nitrogen 
atmosphere. The glove box was equipped with an oxygen and humidity controller working 
at <0.1ppm and <0.1ppm contents, respectively. The organometallic compounds of the 
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most electropositive metal elements (as magnesium) exhibit some common features such 
as high air reactivity (spontaneous ignition) and oxidation phenomena. For these reason the 
reactions involving the organometallic compounds, as Cp2Mg, have been manipulated in 
inert atmosphere. A more detailed description of the manipulation of the air sensitive 
compounds is given in Appendix A. The Cp2Mg/PMMA blends were prepared by 
dissolving separately the PMMA and Cp2Mg in the THF, for the preparation of the “1° 
Solution” and “2°Solution” respectively, as reported in the Figure 4.2. This approach is 
known as “Solvent Mediated Method”, and it is commonly used for the blends or polymer 
solution preparation. The 1° Solution was prepared dissolving a certain amount of PMMA 
(≈500mg) in THF (10mL). This solution was left under stirring for 24 hours, to allow the 
complete dissolution of the polymer into the solvent. Successively, the 2°Solution obtained 
by the dissolution of a certain amount of Cp2Mg (≈ 167mg) in THF (2mL) (solution 0.5 M 
of Cp2Mg in THF) was prepared. The precursor and polymer amounts were selected to 
obtain a magnesium-nanocomposite at 5 wt% of Mg in PMMA (5 wt% Mg/PMMA), so 
that the produced nanoparticles were well dispersed in the polymer matrix (low 
concentration). This solution was left under stirring for few minutes, and a complete 
dissolution fastly occurred. After this time the 2°Solution was quickly added, with a rapid 
injection, into the polymer solution (Figure 4.2, B). The resulting solution was poured into 
a teflon container: the solvent was then removed by evaporation at room temperature 
(casting from solution) in the glove box. After casting, the solvent was removed and the 
achieved blend (see Figure 4.2, C) was thermally annealed at 220°C for 10 minutes. 
Thanks to the reduced vapor pressure of the Cp2Mg compound, during the thermal 
treatment the two organic radicals (۰C5H5) interacts, forming an hydrocarbon [18] which 
completely evaporate during the process. During the first 5 minutes of thermal treatment, a 
brown gaseous phase was released, probably due to evaporation of the two 
cyclopentadienyl. The inorganic phase was formed into the polymer matrix 
(5wt%Mg/PMMA) in a finely dispersed form. The TEM micrograph of the resulting 
nanocomposites is shown in Figure 4.2, D. The synthesis of metal nanoparticles in 
presences of surface stabilizer prevents the strong tendency of fine metal particle to 
coalesce. The poor metallic clusters mobility into the polymer matrix reduces the 
possibility of aggregates formations, due to the diffusion limited growth of the 
nanoparticles [24–27], leading to the achievement of a nanoscopic phase uniformly 
dispersed and in a non-aggregated form. 
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At the beginning, preliminary studies on the materials used were performed, starting from 
the polymer and the magnesium precursor. The thermal properties of different PMMA 
films were investigated. The study of the polymer thermal stability was used to establish 
the temperature required for the annealing treatment. The thermolysis process should occur 
at temperatures lower of decomposition temperature of the polymer and, at the same time, 
higher than the decomposition temperature of the precursor, to facilitate the removal of 
organic fragments. For these reasons, the decomposition temperature of the polymer must 
be higher than the melting point of the magnesium precursor. The reactivity of Cp2Mg, 
evaluated by the oxidation process occurring during a progressive air exposure was also 
examined by using the FTIR-spectroscopy analysis. Successively the reactive system 
(Cp2Mg/PMMA blend) thermal properties were studied. The thermal decomposition 
represents a key point in the synthesis process, for the selection of the annealing 
temperature. The optical spectroscopy (UV-Vis) had allowed to study the kinetic of the 
nanoparticles formation. Finally, a deeply investigation of the Mg/PMMA nanocomposites 
was performed. Different characterization techniques, described in the Appendix B, were 
used to study the Mg clusters embedded into the polymer. The magnesium is a reactive 
element, and when it came in contacts with air or humidity can lead to oxidative 
phenomena. Thus a careful manipulation before the analysis is strongly necessary to 
achieve good results. 
 
4.3. Experimental results 
4.3.1. Thermal stability characterizations of PMMA 
The first process step involves the dissolution of PMMA in THF. Three PMMA films were 
prepared, using polymers with different molecular weights. The first PMMA polymer had 
a   ̅̅ ̅̅ ̅  ~120,000 (Aldrich), called “PMMA120”, the second had a   ̅̅ ̅̅ ̅~350,000 (Aldrich), 
called “PMMA350”. These two films were prepared by solution casting of PMMA in THF, 
in air at room temperature. Another PMMA film was obtained using the PMMA350, at 
room temperature and inert atmosphere (PMMA350GB). The thermal stability of all films 
was studied by thermogravimetric analysis (TGA), and the corresponding thermograms 
were reported in Figure 4.3.  
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Figure 4.3 Thermograms of PMMA polymers having  ̅̅ ̅̅ ̅≈120,000 (black curve) and  ̅̅ ̅̅ ̅≈350,000 (red 
curve) prepared in air. Thermogram of PMMA polymer having  ̅̅ ̅̅ ̅≈350,000, prepared in inert 
atmosphere (blue curve). The TGA analysis were performed at rate of 10°C/min under nitrogen 
atmosphere  
The TGA analysis was performed by a dynamic scan from room temperature to 500°C, at 
rate of a 10°C/min in nitrogen atmosphere. As it is visible, the PMMA350GB sample (blue 
curve) prepared in glove box shows a better thermal stability than the others two films, 
PMMA350 and PMMA120, prepared in air. The last two samples begin to decompose 
already at about 120°C, which is a not suitable temperature considering the thermal 
decomposition of the of Cp2Mg precursor. The PMMA350GB begin to decompose at 
about 300°C (see Figure 4.2), a temperature enough higher than the melting point (176°C) 
of Cp2Mg precursor. For this reason the polymer solution for the Mg/PMMA 
nanocomposites preparation was performed by using the PMMA350GB. Such solution was 
prepared in glove box.  
 
4.3.2. Morphology and reactivity of Cp2Mg precursor 
The Cp2Mg morphology was studied by TEM analysis. The organometallic Cp2Mg 
precursor was dissolved in THF at room temperature in inert atmosphere, and a drop of this 
solution was placed on the Formvar-coated copper grid. The grid was sealed in an 
aluminum bag under nitrogen atmosphere (in order to prevent by the oxidation 
phenomena) and the bag was opened just before of the characterizations. The TEM 
micrographs of Cp2Mg precursor at different magnifications can be seen in Figure 4.4. As 
is shown the TEM micrographs, areas of different colors of the grayscale are clearly 
visible, which can be attributed to the formation of agglomerated of Mg, Mg(OH)2 and 
MgO particles. The formation of Mg(OH)2 and MgO phases may have occurred both for 
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air exposure during the  experimental preparation stage [3,14,28], and for the degradation 
phenomena of the Cp2Mg compound induced by the electron-beam irradiation during the 
observation by TEM can also verified [19,29]. 
 
 
Figure 4.4 TEM micrographs of Cp2Mg precursor at different magnifications 
 
The Cp2Mg reactivity was evaluated by spectroscopic analysis using the FTIR 
spectroscopy. The Cp2Mg sample powders were dispersed in vaseline (2% wt/wt) and 
spreaded between sodium chloride (NaCl) windows, commonly used for FTIR 
spectroscopy, in inert atmosphere. The measurements were collected in air. The FT-IR 
spectra of vaseline dispersing medium (black curve) and of Cp2Mg precursor in vaseline 
(red curve) were reported in Figure 4.5.  
 
 
 
Figure 4.5 FT-IR spectra of vaseline dispersing medium (black curve) and of Cp2Mg precursor 
dispersed in vaseline (red curve) 
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The peaks ranging between the 1400 to 600 cm
-1 
wavenumber (Finger Print Zone) exactly 
match those of the Cp2Mg powder [28,30]. The table in the Figure 4.5 reports the index 
and the wavenumber values of the peaks, respectively. The perfect correspondence of the 
peaks with those of the precursor indicates that the functional groups of the sample 
dispersed in vaseline observed after a few minutes of air exposure have not undergone any 
modification. Then, on the same sample, the effects of air exposure during the time have 
been studied. In Figure 4.6 the FT-IR spectra of vaseline (black curve), of Cp2Mg 
precursor dispersed in vaseline promptly observed (red curve), after 1 minute (blue curve) 
and after 40 minutes (magenta curve) of air exposure, were reported. The 1007 cm
-1
 peak 
(number 4), corresponding to the C-H out of the plane bending vibration, typical of the 
cyclopentadienyl anions Cp
- 
[28,30], was used as reference to study the of decomposition 
of functional groups of the precursor. As visible, the reference peak intensity decreases 
during the time, because probably degradation phenomena occurred. Is well known that air 
exposure of Cp2Mg leads to a partial hydrolysis of Cp
-
 to C5H6 ring [28], and that after a 
long air exposure, oxidative phenomena occur [14].   
 
 
Figure 4.6 FT-IR spectra of vaseline (black curve), of Cp2Mg precursor dispersed in vaseline quickly 
observed (red curve), after 1 minute (blue curve) and after 40 minutes (magenta curve) of air 
exposure. 
 
These hypotheses were verified in the next set of FTIR measurements, in which the sample 
was directly prepared in air (see Figure 4.8). Few milligrams of Cp2Mg were taken from 
glove box in an Eppendorf tube (see Figure 4.7). At the beginning the Cp2Mg powders 
were white. 
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Figure 4.7 Cp2Mg powders taken from glove box (A) and after different air exposure times (B,C and 
D) 
 
After Eppendorf opening, the color immediately changes from white to light yellow, and 
during a permanent air exposure to pink (Figure 4.7, B and C). After a long air exposure, 
the color turns to dark yellow (Figure 4.7, D). At the measurement time, the powder was 
pink. The pink powder was dispersed in vaseline and spreaded between two NaCl 
windows. The FT-IR spectra of vaseline (black curve), of the Cp2Mg precursor dispersed 
in vaseline in inert atmosphere (red curve) and of the Cp2Mg dispersed in vaseline in air 
(blue curve) are given in Figure 4.8. Taking the peak at 1007 cm
-1
 as reference peak, an 
immediate disappearance of such peak, just after 1 minute of air exposure, was observed 
(Figure 4.6, blue curve). When the sample was prepared into a glove box the reference 
peak slowly disappeared, as the vaseline partially acts as a protective agent, although it was 
permeable to oxygen and moisture.  
 
 
Figure 4.8 FT-IR spectra of vaseline (black curve), of Cp2Mg precursor dispersed in vaseline  in inert 
atmosphere(red curve) and of Cp2Mg dispersed in vaseline  in air (blue curve) 
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4.3.3. Characterization of Cp2Mg/PMMA reactive system 
The photographic images of the reactive system solution at 5 wt% of Mg in PMMA 
(Figure 4.9, B), of the reactive system after solution casting (Figure 4.9, C) and finally 
after thermal annealing (Figure 4.9, D) are reported. Both the films have been later 
completely characterized. The spectroscopic (UV-Vis) and thermogravimetric (TGA) 
characterizations for the Cp2Mg/PMMA reactive system at 5 wt% of Mg were performed.  
 
 
Figure 4.9 Photographic images of the reactive system solution (B), of such solution after casting (C) 
and after thermal annealing (D) 
 
The UV-Vis spectra for different air-exposure times (at room temperature) were reported 
in Figure 4.10. At the beginning a 494nm shoulder and a 537nm peak were visible, 
 
 
Figure 4.10 UV-Vis spectra of Cp2Mg/PMMA reactive system at 5 wt% of Mg in PMMA, recorded at 
different air-exposure times performed at room temperature 
 
corresponding to the surface plasma resonance of magnesium nanoparticles in the visible 
spectra range [31]. The nanoparticles formation reaction was quick enough; in fact the 
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peak at 537nm reached the maximum value in 8 minutes. During this time, a clear rising of 
the absorbance baseline was observed, and, at the same time, the peak disappears due to 
the scattering of the magnesium nanoparticles formed into the polymer. During this time 
the blend color changes from light yellow to dark red, as visible in the inlet of Figure 4.10. 
The thermal stability of Cp2Mg/PMMA reactive system at 5 wt% of Mg in PMMA, 
performed at a rate of 10°C/min in nitrogen atmosphere, was successively studied. A 
comparison between the PMMA and the Cp2Mg/PMMA thermograms (black and orange 
curves, respectively) is reported in Figure 4.11, A. The TGA curve of pure PMMA shown 
a first weight loss, up to about 300 °C, probably due to the evaporation of the solvent used 
for the polymer preparation. In the same temperature ranges, the weight loss for the 
Cp2Mg/PMMA reactive system was greater than the pure PMMA, due to a further 
evaporation of the two cyclopentadienyl ligands. 
  
 
Figure 4.11 (A) Thermograms of PMMA (black curve) and Cp2Mg/PMMA reactive system (orange 
curve) and (B) the corresponding derivative weight (%/°C), performed at a rate of 10°C/min in N2 
atmosphere   
 
The major weight loss for the pure PMMA was found to occur between 300°C and 400°C 
while for the Cp2Mg/PMMA blend it occurred at a slightly higher temperature (of about 
20°C). Figure 4.11, B also shows a residual weight loss of ca. 6 wt% at 600°C for the 
Cp2Mg/PMMA blend, due to Mg phase content. The maximum value of the decomposition 
temperature was evaluated by the DTG curves (see Figure 4.11, B). The DTG curve of 
pure PMMA exhibited a maximum rate of weight loss at 366°C while the peak value for 
Cp2Mg/PMMA blend shifted at higher temperature of 384°C, indicating that the blend was 
thermally stable up to such temperature. The study of the thermal stability of the 
Cp2Mg/PMMA reactive system is important to select the annealing temperature, which 
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must be lower of the reactive system decomposition temperature but, at the same time, 
higher than the melting point of Cp2Mg precursor (176°C). An annealing temperature of 
220 °C was chosen; the Cp2Mg/PMMA reactive system was heated for 10 minutes, until 
the disappearance of the reaction fumes has been observed, to ensure complete evaporation 
of the organic part of the precursor. 
 
4.3.4. Characterization of Mg/PMMA nanocomposites 
A magnesium-nanocomposite at 5 wt% of Mg in PMMA (5 wt% Mg/PMMA) was 
prepared and characterized both morphologically and structurally by using the transmission 
electron microscopy (TEM) and the X-ray diffraction (XRD). The chemical composition 
and the corresponding oxidative states were also evaluated by X-ray photoelectron 
spectroscopy (XPS). In addition, atomic and electronic structure of the magnesium 
nanocrystals embedded into the polymer were performed by using scanning transmission 
electron microscopy (STEM) and the electron energy loss spectroscopy (EELS) 
measurements. More details on the last used techniques were reported in Appendix B. 
4.3.4.1. Morphological characterization of Mg/PMMA 
In order to evaluate the morphological properties of the 5wt% Mg/PMMA sample, a thin 
film of such sample was prepared. Ultra-thin sections of specimens are cut using an 
ultramicrotome cutting technique. Sections from 50 to 100 nm thick are prepared to be 
viewed in the TEM. The micrographs images of 5wt% Mg/PMMA thin film at different 
magnifications were reported in Figure 4.12. As the TEM micrographs reveals 
nanoparticles aggregates of different sizes embedded into the polymer matrix are visible. 
Nanoparticle aggregation phenomena can be attributed to blade action during cutting. The 
cutting section is clearly visible in Figure 4.12, A. As this sample preparation method did 
not allow it to estimate the shape and the distribution of the nanoparticles embedded into 
the polymer, a small amount of 5wt% Mg/PMMA was dissolved in THF at room 
temperature under inert atmosphere by stirring. The solution was sonicated by an 
ultrasonic bath for 30 minutes, in order to allow good dispersion of the sample into the 
solvent. A drop of this solution was placed on the Formvar-coated copper grid. The grid 
was sealed in an aluminum bag under nitrogen, to prevent oxidation phenomena, and the 
bag was opened just before the measurements. The TEM micrographs of the sample are 
showed in Figure 4.13.  
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Figure 4.12 The micrographs images of 5wt% Mg/PMMA thin film at different magnifications 
 
 
 
Figure 4.13 The micrographs images of 5%Mg/PMMA prepared by solution casting by THF  
 
Magnesium nanoparticles of a polyhedral shape, having nanoscopic size of ca. 22nm (see 
Figure 4.13, D) quite monodispersed into the PMMA were formed (Figure 4.13, A), 
without aggregates. However, the low contrast effects between the metal (of low atomic 
weight) and the polymer matrix prevent it to obtain clear images at lower magnifications 
(Figure 4.13,B)  [14,32,33]. 
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4.3.4.2. Structural characterization of Mg/PMMA 
The structural characterization of the 5wt%MgPMMA for Mg-phase embedded into the 
PMMA identification was carried out by using X-ray diffraction (XRD). The 
5wt%MgPMMA diffractogram is shown in Figure 4.14. The 5wt%MgPMMA 
diffractogram show a broadening of diffraction peaks line, and the presence of two very 
low intensity peaks, one at 2 = 43.6° belonging to magnesium oxide (MgO) [34] and 
another of lower intensity at 2 = 36.3° belonging to the metallic magnesium (Mg) 
nanoparticles [14]. In order to better identify the Mg-phase produced, other XRD analyses 
were repeated, which led anyway to diffractograms with a broadening of diffraction peaks 
line. Such phenomenon can be attributed both to the reduced nanoparticles size [35–37] 
and to their reduced concentration into the polymer, which led to the PMMA spectrum 
completely amorphous as a result of X-ray diffraction [38,39]. 
 
 
Figure 4.14 XRD diffractogram of 5wt%Mg/PMMA  
 
The Mg-phase will be structurally characterized by using high resolution techniques, such 
as scanning transmission electron microscopy, which provides local information on the 
nanometer scale. 
4.3.4.3. Photoelectron Spectroscopy characterization of Mg/PMMA 
XPS was used to investigate the oxidation state of the Mg nanoparticles embedded into 
5wt%MgPMMA nanocomposite. The sample was sealed as prepared in an aluminum bag 
under nitrogen atmosphere and such bag was opened 5 minutes before to be placed into the 
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measurement chamber. A significant degassing stage in the Ultra High Vacuum (UHV) 
chamber was observed. The characterization was carried out at pass energy (PE) of 20eV 
for the single core level and at PE of 50eV for the wide range spectra, to have the better 
combination between resolution and short-time analysis. At this PE, the precision on peak 
positions evaluation is quite good. The wide binding energy (BE) range spectrum of the 
5wt%MgPMMA sample was shown in Figure 4.15. 
 
 
 
Figure 4.15 XPS wide-range spectra of Mg nanoparticles in PMMA 
 
 
The presence of all the expected chemical species, that are, C, O, and N (both Auger 
emission and core levels are clearly visible), and even the Mg was revealed. All core levels 
are shifted towards higher BE, a phenomenon that is related to charging effects during the 
analysis due to the electrically insulated characteristics of the polymer. The C1s spectrum 
(see Figure 4.16) shows a wide structure at ca. 287eV and a second peak at ca. 291.5eV. 
This second peak, at higher BE position, can be attributed to the C-O bonds in the PMMA, 
and in particular to the carboxyl bonds. Since the carboxyl bonds peak position in a 
standard PMMA film is known (~ 288.8eV) [40], it is possible to calculate the shift of all 
core levels rescaling the spectra, thus getting the correct BE. Figure 4.17 shows the Mg2p 
spectrum of Mg nanoparticles in PMMA. The Mg2p core level has been analyzed by 
Voight lineshape deconvolution after background subtraction of a Shirley function. Two 
main components, one at low BE and the other at higher BE, about 1eV from the main 
peak, have been introduced to properly reproduce the peak lineshape, that cannot be 
analyzed with only one feature.  
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Figure 4.16 XPS C1s spectra of Mg nanoparticles in PMMA 
 
 
 
Figure 4.17 XPS Mg2p spectra of Mg nanoparticles in PMMA 
 
Considering the energy scale correction, the main peak is ca. 49.5eV, in an energy range 
closer to the metallic Mg than to greater valence species [41,42]. The highest BE peak can 
be attributed both to oxidized species and to Mg bonds with other chemical species. Within 
this peak, the red component is ca. 69.3%. About the atomic percentage on the surface, 
assuming that all carbon and oxygen atoms belongs to the sample (contamination has been 
subtracted), the integral area of the core level evaluation allows to estimate these 
percentages, that are the following: C 67.1%, O 20.7% and Mg 12.2%, with a 2.5% error 
on the absolute value. 
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4.3.4.4. Atomic and electronic structure characterization of Mg/PMMA 
Deep structural and morphological investigation were carried out using a sub-Angstrom 
aberration-corrected JEOL ARM200F microscope, equipped with a high resolution camera 
and scanning transmission electron microscopy systems (STEM). The energy dispersive X-
ray (EDX) and the electron energy loss (EELS) spectroscopic analyses were respectively 
performed for the chemical composition and electronic structure recognition. The EELS 
analysis is able to give structural and chemical information about a solid, with a spatial 
resolution down to the atomic level. The diffraction profile study was performed for the 
structural Mg-phase identification.  
The sample preparation has involved the nanocomposite dissolution in THF solvent under 
stirring at room temperature and in inert gas atmosphere; the solution was successively 
sonicated for 30 minutes, in order to improve the fine solid dispersion. The bottle 
containing the solution was sealed in an aluminum bag under nitrogen atmosphere and 
opened just before the characterization. The sample was then deposited on a grid of "lacey 
carbon only" in air, and observed. In the Figure 4.18 the conventional TEM micrographs 
(CTEM) of 5 wt% of Mg in PMMA (A, B and C) and the corresponding diffraction profile, 
calculated by using a Fast Fourier Transform (FFT) (D) are reported. As it is visible in 
Figure 4.18, A, a homogeneous distribution of very small nanocrystals embedded into the 
polymer matrix is shown. The crystallites are randomly organized within the polymeric 
matrix (Figure 4.18, B and C), showing a clear diffraction profile (Figure 4.18, D). The 
Bright Field (BF) STEM image (Figure 4.19, A) clearly shows the crystallites morphology 
and dimension, corresponding to 2 nm. The Mg crystals appear with dark contrast, since 
they give heaviest scattering in this system. In the High Angular Annular Dark Field 
(HAADF) STEM image (Figure 4.19, B), the different contrast mechanisms of 
incoherently scattered electrons contribute to the mapping of the sample, giving clearer 
informations on the distribution of the nanocrystals-embedded into the polymer. The 
energy dispersive X-ray analysis (EDX) and the electron energy loss spectroscopy (EELS) 
of 5 wt% of Mg in PMMA nanocomposite at 200KeV were performed and reported in 
Figure 4.20.  
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Figure 4.18 CTEM micrographs of magnesium nanocrystals at 5 wt% of Mg in PMMA nanocomposite 
(A, B and C) and the corresponding diffraction profile (D) performed at 200KeV. 
 
 
 
Figure 4.19 Bright Field” (BF) (A) and “High Angular Annular Dark Field” (HAADF) (B) STEM 
images of 5 wt% of Mg in PMMA nanocomposite performed at 200KeV. 
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Figure 4.20 EDX (A) and (EELS) spectra (B) of 5 wt% of Mg in PMMA nanocomposite performed at 
200 KeV. 
 
The chemical microanalysis technique (Figure 4.20, A) have revealed that the chemical 
composition of the Mg/PMMA nanocomposite was composed only of carbon, oxygen and 
magnesium (C, O and Mg) elements, thus indicating that the sample is free from 
impurities. The EELS spectrum presents the characteristic shape of the Mg K edge in MgO 
crystal. This result was better explained by the diffraction profile investigations (see Figure 
4.21). As it is shown in Figure 4.21, the X-ray diffraction pattern of the 5 wt% Mg/PMMA 
nanocomposite had shown a peak with a 55% of intensity, related to (020) plane 
corresponding to a cubic structure of magnesium oxide (MgO) and another peak with a 
19% of intensity, due to (113) plane corresponding to the hexagonal structure of metallic 
magnesium (Mg). The last index belongs both to Mg and MgO crystals. Therefore it is 
possible to conclude that the previously identified magnesium crystallites of 2 nm are 
prevalently oxidized. Oxidation phenomena may be due both to the time between the 
preparation of the sample and its measurements and the grid air exposure before the TEM 
analysis.  
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Figure 4.21 Diffraction profile of 5 wt% of Mg in PMMA performed by the scanning transmission 
electron microscopy (S/TEM) at 200 KeV 
 
4.4. Conclusion 
An innovative method for trying to prepare air-stable nanocomposites magnesium-based 
was proposed. Such method is based on the thermolysis of an organometallic compound, 
the Cp2Mg, embedded into a PMMA matrix. The preparation involves two steps. The first 
step is used for the Cp2Mg/PMMA solid solution preparation, whereas the second step of 
thermal annealing is performed for the nanostructured Mg/PMMA composites preparation. 
Different characterizations were performed for the Mg-phase identification. The X-ray 
photoelectron spectroscopy (XPS) performed on the sample “as prepared” have been 
revealed the presence both of the metallic (most abundant) and oxidized Mg phases. The 
morphological (TEM) and structural (STEM) investigations has revealed the presence of 
magnesium nanocrystals of about 2nm, completely oxidized. However, the magnesium is a 
reactive metal and probably, during the sample preparation for the analysis, oxidation 
phenomena occurred. It should also be pointed out that the reduced dimensions of the 
metal produced, and hence the nanostructuring effects, amplify the interface phenomena 
and therefore the oxidation. 
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Chapter 5 
Synthesis and characterization of 
nanostructured magnesium composites 
into a polyetherimide (PEI) matrix 
 
 
5.1. Introduction 
In the previous chapter a chemical approach for trying to prepare air-stable 
nanocomposites magnesium-based was proposed. This approach consist in the thermolysis 
of an organometallic compound, the bis(η5-cyclopentadienyl)magnesium(II) (Cp2Mg), 
dissolved into a soluble polymer matrix (PMMA). Different characterizations were 
performed for the Mg-phase identification. Metallic and oxidized magnesium nanoclusters 
of extremely low sizes, of about 2 nm were found. The magnesium is a reactive metal, thus 
during the sample preparation for the analysis, oxidation phenomena can be occurred. In 
order to prevent oxidation phenomena, PMMA was replaced with a thermally more stable 
polymer matrix, the polyetherimide (PEI), a high-performance amorphous thermoplastic 
polymer provided of better oxygen permeability and moisture. The schematic illustration 
of PEI structure is reported in Figure 5.1.    
 
 
 
Figure 5.1 Polyetherimide structure 
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The polyetherimides are a new class of high performance polymers displaying excellent 
mechanical properties up to high temperature, because of the high glass transition 
temperature (Tg up to 400°C). Stiffness and high heat resistance provided by the aromatic 
imide linkages are coupled to the chain flexibility and good melt flow characteristics 
provided by ether bridges groups [1]. Their outstanding thermo-oxidative stability and 
flame and solvent resistance are characteristic of aromatic polyimides but, unlike many 
other polyimides, they can also be processed by conventional techniques (e.g., injection 
molding) [2]. Of particular interest there is its use to realize membranes for water-vapor 
separation in the dehumidification of gases, air, and organic vapors [1]. In addition, the 
polyetherimide has an limited oxygen permeation [2–5], which makes this class of 
polymers as very suitable for the magnesium nanocomposites preparation. These polymers 
are soluble in different organic solvents [6], and such feature is useful for their use in the 
solid solutions preparation. As is visible in Figure 5.1, this polymer structure includes 
some polar groups (immidic functions, made of carbonyl and amine groups) making it able 
to interact with the organometallic compounds [7].  
In this research activity, a new class of nanostructured magnesium composites prepared by 
the thermolysis of Cp2Mg precursor embedded into a soluble matrix, the polyetherimide 
(PEI), was developed. The process takes place in two stages, such as described in the 
previous chapter, but different conditions are used, as the type of solvent used for the solid 
solutions preparation, the annealing temperature, etc. The design of the thermolysis 
apparatus has been also changed. The “reactive system”, composed of Cp2Mg and PEI, was 
prepared using the anhydrous chloroform (CHCl3), since PEI was highly soluble in such 
solvent at room temperature. The Cp2Mg/PEI solid solution thermolysis was made in a 
tubular oven under nitrogen flow instead of on a ceramic hot plate into the glove box, in 
order to guarantee a more homogenous and controlled heating treatment, and the 
possibility to select a higher working temperature. The tubular oven was from 
"Barnsted/Thermolyne", equipped with a "Eurothterm" thermoregulator. The apparatus 
process was implemented by a “sample transport device”, used for the sample 
transportation under inert atmosphere from the glove box, in which the solid solution were 
prepared, to the tubular oven and to come back in the glove box. After thermal annealing, 
the sample was relocated into the glove box and successively sealed in aluminum bags, 
which will be opened just before the characterizations. A more detailed description of the 
thermolysis apparatus scale-up is given in Appendix1. Different characterizations 
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techniques have been performed to identify the produced type of phase. Such techniques 
are described in the Appendix B.  
 
5.2. Experimental details 
The nanostructured magnesium composites preparation consists of two stages: the first 
stage concern the polymer/precursor solid solution (Cp2Mg/PEI) preparation by a wet-way, 
and the second stage concern its thermal annealing. The raw materials were obtained 
commercially: a PEI of   ̅̅ ̅̅ ̅~350,000 was used. The PEI molecular weight was the same 
chosen for the previous nanocomposites preparation. The bis(η5-cyclopentadienyl) 
magnesium(II) (Cp2Mg, purified by sublimation, 97%) and chloroform anhydrous (CHCl3, 
≥99%, contains 0.5-1.0% ethanol as stabilizer) were used. All reagents were purchased 
from Sigma-Aldrich and used as received. The solid solution was prepared in a glove box 
(described in Appendix A) equipped with an oxygen and humidity controller working at 
<0.1ppm and <0.1ppm contents, respectively. The precursor and polymer amounts were 
selected to obtain a magnesium-nanocomposite at 8wt% of Mg in PEI (8wt% Mg/PEI). 
This concentration is slightly higher than the one used for the Mg/PMMA nanocomposites 
previously prepared in order to try to improve the Mg-phase detection evaluated by the 
common characterization techniques. Nevertheless, the selected concentration was still 
low, to ensure good dispersion of nanoparticles in the polymer matrix. The Cp2Mg/PEI 
solid solutions were prepared by dissolving separately the PEI and Cp2Mg in the CHCl3, 
respectively. A schematic representation of the Cp2Mg/PMMA solid solution preparation 
process is reported in Figure 5.2. 
 
 
Figure 5.2  Photographic images of Cp2Mg/PMMA solid solution preparation process 
 
At the beginning the solubility and the thermal properties of a PEI film were investigated. 
The solubility studies were performed to select a good solvent for the polymer dissolution. 
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Different organic solvents as THF, DMF, a mixture of THF and DMF solvents [6] were 
investigated. The polymer showed a good solubility in CHCl3 at room temperature. The 
PEI solution was prepared dissolving 160mg of PEI in 2mL of CHCl3 at room temperature 
and under inert atmosphere (Figure 5.2, A). The solution was stirred for 24 hours. After 
this time, a solution 0.5 M of Cp2Mg in CHCl3 (≈167mg of Cp2Mg in 2mL CHCl3) was 
prepared (Figure 5.2, B). Complete precursor dissolution took immediately place. Such 
solution was quickly added, with a rapid injection into the polymer solution. The 
photographic image of solid solution formed is reported in Figure 5.2, C. The Cp2Mg/PEI 
solid solution was dried for 24 hours under inert atmosphere (see Figure 5.2, D). After that, 
the thermal stability of Cp2Mg/PEI solid solution was studied, in order to determine the 
annealing temperature. The annealing treatment is used to decompose the Cp2Mg 
compound thus producing Mg clusters and remove the two radicals fragments (۰C5H5) that 
were coordinated to the central metal of the precursor [8]. The homolysis of the C-Mg 
bonds promotes the formation of Mg-nanocrystals embedded into the polymer. This solid 
solution resulted to be stable up to a temperature of about 400°C. The annealing was 
performed at 330°C, which is a temperature sufficiently lower than the solid 
decomposition temperature.  
The polymer thermal stability, before and after a thermal annealing at 330°C was 
investigated. The decomposition of the polymer functional groups after the heating 
treatment was also evaluated by ATR spectroscopy. Then the Mg/PEI nanocomposites 
characterization study was performed. The characterization techniques used are described 
in Appendix B. Low pressure gas sorption measurements of Mg nanoparticles embedded in 
PEI were finally performed.   
 
 
5.3. Experimental results 
5.3.1. Solubility and thermal stability characterizations of PEI 
The PEI solubility was evaluated in different types of solvents, including the 
tetrahydrofuran, solvent commonly used for the organometallic precursor Cp2Mg 
dissolution. The polymer solutions were prepared at standard temperature and pressure 
conditions. The polymer was insoluble both in THF and in a mixture of THF and N,N-
dimethylformamide (DMF) [6]. Instead it is resulted to be very soluble in chloroform 
(CHCl3) at room temperature. Therefore was prepared a PEI film by solution casting of 
106 
 
PEI/CHCl3 solution (c.a. 160mg of PEI pellets in 2mL of CHCl3) at room temperature and 
under nitrogen atmosphere. Only a PEI having   ̅̅ ̅̅ ̅~350,000 (Aldrich) was used. Thermal 
stability of the film was studied by thermogravimetric analysis (TGA) performed under 
inert atmosphere. The PEI pellets and the corresponding PEI film thermograms were 
reported in Figure 5.3.  
 
 
Figure 5.3 TGA thermograms of the PEI pellets and of the film prepared by solution casting in CHCl3 
 
The TGA analysis was performed with a dynamic scan from room temperature to 1000°C, 
at rate of a 10K/min. As it is visible, both the PEI pellets (black curve) and the film 
prepared for solution casting (red curve) are very thermally stable, up to 500°C. PEI film 
presents a first weight loss ending at about 200°C, probably due to clathrates formed by 
inclusion of solvent molecules during film preparation [9,10]. Such polymer showed 
higher thermal stability than the PMMA used for the preparation of the first class of 
magnesium nanocomposites.  
The decomposition of the polymer functional groups after the heating treatment at 330°C 
was also evaluated by the ATR spectroscopic analysis; the spectra were collected in Figure 
5.4. In the infrared spectra of PEI (Figure 5.4, black curve), there are absorption bands 
associated with the vibrations of the two carbonyl groups of imide. The asymmetric and 
symmetric stretching vibrations of C=O groups were observed in the region of 1776 cm
–1
 
and 1715 cm
–1
. Other absorption bands related to carbonyl, transverse and out of plane 
vibration of C–N in phthalimide rings, were present in the range of 1350-1360 cm–1, 1070-
1100 cm
–1
 and 737-745 cm
–1
, as shown in Figure 5.4. Vibrations at 1268, 1233, 1072, and 
1014 cm–1 are due to the aryl ether bonds (C–O stretching of aromatic ether). Vibrations at 
107 
 
1268, 1233, 1072, and 1014 cm
–1
 are due to aryl ether bonds (C–O stretching of aromatic 
ether) [11]. As is visible, the PEI peaks position was unchanged after the heating treatment 
at 330°C. After the annealing the peaks intensities move slightly due to the different 
thicknesses of the films. 
 
 
Figure 5.4 ATR spectra of PEI untreated (black curve) and after a thermal annealing at T=330°C (red 
curve), performed at room temperature 
 
5.3.2. Characterization of Cp2Mg/PEI solid solution 
The thermal stability of Cp2Mg/PEI solid solution at 8 wt% of Mg in PEI was evaluated by 
TGA analysis, at rate of a 10K/min under nitrogen atmosphere. A comparison between the 
PEI and the Cp2Mg/PEI thermograms (black and red curves, respectively) is reported in 
Figure 5.5. The TGA curve of pure PEI shown a first weight loss around 200 ºC,  that 
could be associated with loss (∼20 wt%) of residual solvent used for the preparation [12]. 
In the same temperature ranges, the weight loss for the Cp2Mg/PEI reactive system was 
lower than for the pure PEI, and thus indicates that the solvent mainly evaporated during 
the preparation of the solid solution (solution casting). The PEI curve exhibited a 
maximum of the weight loss starting around 512 ºC, that can be related to the main chain 
decomposition [1,12]. The maximum weight loss for the Cp2Mg/PEI solid solution started 
at a temperature lower than PEI, corresponding to 413°C, probably because of the 
homolysis of the C-Mg bonds. The Cp2Mg has the effect to increase the PEI thermal 
stability because the Cp2Mg decomposition subtracts part of the heat during the thermal 
heating. An annealing temperature of 330°C for the solid solution (or reactive system) was 
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selected, at which such systems was very thermally stable; the reactive system was heated 
for 10 minutes. 
 
 
Figure 5.5 Thermogram of PEI (black curve) and of Cp2Mg/PEI reactive composite (black curve) 
performed at rate of 10°C/min under N2 atmosphere 
 
5.3.3. Preparation and characterization of Mg/PEI nanocomposites 
Nanostructured magnesium composites with 8 wt% of Mg in PEI were prepared. The 
Cp2Mg/PEI solid solution (Figure 5.2, D) was annealed in a tubular oven for 10 minutes at 
330°C.  The thermal annealing performed at such temperature enhances the release of all 
the volatile sub-products present in the solid solution, for a sufficiently pure magnesium-
based composite formation. In a few minutes, a complete disappearing of these gaseous 
phase was observed. At the end of the process the nanocomposite was left in the oven, and 
then cooled down at room temperature. A nanostructured magnesium composite picture (8 
wt% of Mg/PEI) after thermal annealing is reported in Figure 5.6.  
 
 
 
Figure 5.6 Picture of nanostructured magnesium composite (8 wt% Mg/PEI) after thermal annealing 
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The sample was transferred in the sample transport device from the oven to the glove box. 
The black color due to the destructive scattering of reflected light can be addressed to an 
iperfine nature of the metal. The obtained sample was morphologically and structurally 
characterized, by using the transmission electron microscopy (TEM) and the X-ray 
diffraction (XRD). The chemical composition and the corresponding oxidative states were 
also evaluated by X-ray photoelectron spectroscopy (XPS). In addition, atomic and 
electronic structure of the magnesium nanocrystals embedded into the polymer were 
performed by using scanning transmission electron microscopy (STEM) and the electron 
energy loss spectroscopy (EELS) measurements. More details on the last used techniques 
were reported in Appendix B. 
 
5.3.3.1. Morphological characterization of Mg/PEI nanocomposites 
The magnesium nanocomposites morphology was investigated using a TEM. A small 
amount of 8%wt Mg/PEI was dissolved in CHCl3 at room temperature under inert 
atmosphere and under stirring, and then the solution was sonicated by an ultrasonic bath 
for 30 minutes. The sonication is used to allow a good dispersion of the sample into the 
solvent. A drop of this solution was placed on the Formvar-coated copper grid. The grid 
was sealed in an aluminum bag under nitrogen atmosphere in order to prevent to oxidation 
phenomena. The bag was opened just before the measurement. The TEM micrographs are 
shown in Figure 5.7. As visible from the micrographs acquired in different sample areas 
and at different magnifications, a highly concentrated and homogeneous distribution of 
nanoclusters of polyhedral shape (the darker) smaller than 10 nm, dispersed into PEI 
polymer, are presents. Although the transmission microscopy supply important information 
about the morphology, and thus about the shape and the distribution of the nanocrystal 
produced, the use of other characterization techniques are required to identify the produced 
Mg-phase. 
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Figure 5.7 TEM micrographs of 8%Mg/PEI after thermal annealing at 330°C in the tubular oven 
under inert atmosphere, performed at different magnifications 
 
5.3.3.2. Structural characterization of Mg/PEI nanocomposites 
The structural characterization of the 8%wt Mg/PEI for the identification of Mg-phase 
embedded into PEI was carried out by using X-ray diffraction (XRD). The 8%wt Mg/PEI 
diffractogram is shown in Figure 5.8.  
 
 
Figure 5.8 XRD diffractogram of 8%wt Mg/PEI after thermal annealing performed at 330°C  
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The 8%wt Mg/PEI diffractogram shows, as in Mg/PPMA case, a broadening of diffraction 
peaks line. Such phenomenon can be attributed both to the reduced nanoparticles size [13–
15] and to their reduced concentration into the polymer, which led to the PEI spectrum 
completely amorphous as a result of X-ray diffraction [16,17]. Probably, the instrument 
sensitivity avoids the detection of small nanoparticles, as those identified in the TEM 
micrographs.  
5.3.3.3. Compositional characterization of Mg/PEI nanocomposites 
The chemical composition of the 8%wt Mg/PEI nanocomposite was determined by using 
the energy-dispersive X-ray spectroscopy (EDS-SEM). In the Table 5.1 the weight 
percentages of the chemical species which constitute the 8%wt Mg/PEI nanocomposite 
after its dissolution in CHCl3 and after the thermal annealing (see Figure 5.6) are reported. 
The dissolution of nanocomposite in the solvent was required to perform different types of 
measurements (e.g. C/TEM, S/TEM, EELS measurements). The composition for each 
element was calculated as average values of four measurements, acquired in different 
sample areas. All data related to analyzed elements were normalized. As shown in Table 
5.1, the 8 wt% Mg/PEI nanocomposite was mainly composed of carbon, oxygen, 
magnesium and chloride traces, coming to the solvent used for the sample preparation. The 
chemical composition of the 8wt% Mg/PEI nanocomposite changed after its dissolution in 
CHCl3. In particular, the magnesium quantity drastically decreased and the chloride 
amount increased. The presence of other elements, such as silicon, calcium and sodium 
were also revealed. These elements are commonly used to drying solvents [18], and 
probably traces of them were already present in the commercial solvent used.  
 
Weight (%) from EDS 8%wt Mg/PEI 8%wt Mg/PEI in CHCl3 
%Mg 8.5 3.2 
%O 20.2 18.8 
%C 67.1 57.7 
%Cl
2
 4.3 14.9 
%Si 
 
3,1 
%Ca 
 
1,7 
%Na 
 
0,6 
 
Table 5.1 Chemical composition of 8wt% Mg/PEI nanocomposite before and after dissolution in 
CHCl3, performed by EDS-SEM analysis 
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5.3.3.4. Photoelectron Spectroscopy characterization of Mg/PEI 
nanocomposites 
XPS was also performed on 8 wt% Mg/PEI nanocomposites to evaluate the oxidation state 
of Mg on the 8%Mg/PEI surface.  In order to avoid both air contamination and oxidation 
processes, the samples were sealed in an aluminum bag after the thermal treatment, and 
were opened only at moment to be placed into the UHV. Due to significant outgassing in 
vacuum and to poor signal-to-noise ratio, very high resolution analysis was not possible. 
Single core levels have been acquired with a PE of 20eV, and wide range spectra at PE of 
50eV. Figure 5.9 shows the full range spectrum of the 8%wt Mg/PEI nanocomposites.  
 
 
Figure 5.9 XPS wide-range spectra of Mg nanoparticles embedded in PEI 
 
The expected chemical species, such as carbon, oxygen, nitrogen, and Mg were founded. 
As for PMMA based composites, the charging effect shifts the peaks position to higher 
binding energies, and thus the core levels BE needed to be corrected (in this case by 
subtracting  2.1eV). Calibration and correction of charging effects has been possible due to 
the presence of a reference peak in PEI-C1s core level [19], as shown in Figure 5.10.  
C1s spectrum of the bare PEI sample (taken as a reference) highlights the presence of more 
than one component, in particular a feature ca. 287.3eV related to C-C bonds in the 
polymer and a second one at  ca. 291.1eV, related to C-O and C=O bonds. The feature 
related to C-N bonds is close to the C-C feature and can be revealed by properly fit the C1s 
peak. Using the model described in [19], it was possible to reproduce the PEI lineshape 
and to fit the Mg/PEI C1s peak. Unfortunately this model does not reproduce the peak, but 
it is possible to identify the C-O/C=O feature, that can be used as calibration peak to 
calculate the BE shift. 
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Figure 5.10 XPS C1s spectra of Mg nanoparticles embedded in PEI 
 
The Mg2p core level is shown in Figure 5.11. Although the signal-to-noise is not optimal, 
the lineshape deconvolution cannot be performed with only one feature, thus two 
components have to be introduced, one at lower BE (red peak) and the other at higher BE 
(light blue peak). According to the BE charging shift, the lower BE component is at 
~49.5eV, and it corresponds to a typical metallic Mg range [20,21]. The other component 
suggests the presence of high valence Mg states, like Mg-O bonds. The metallic 
component corresponds to ca. 31.8% of the total signal area. Concerning the total atomic 
surface percentages, the integral area of each core level peak leads to the following values 
(with an error of 2.5% on the absolute value): C 77.3%; O 16.5%; N 4.4% and Mg 1.7%.  
 
 
 
Figure 5.11 XPS Mg2p spectra of Mg nanoparticles embedded in PEI 
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5.3.3.5. Atomic and electronic structure characterization of Mg/PEI 
nanocomposites 
Structural and morphological investigation were carried out using a sub-Angstrom 
aberration-corrected JEOL ARM200F microscope, equipped with an high resolution 
camera and scanning transmission electron microscopy systems (STEM) and analytical 
electron microscopy systems (EELS). The electron energy-loss spectroscopy (EELS) is an 
analytical technique that is able to give chemical information about the elements present 
into the investigated material. The sample preparation involves the nanocomposite 
dissolution in CHCl3 at room temperature under stirring using an inert atmosphere; the 
solution was also sonicated for 30 minutes. The bottle containing the solution was sealed in 
an aluminum bag under nitrogen and opened just before the characterization. Then the 
sample was deposited on a grid of "lacey carbon only" and observed. The High Angular 
Annular Dark Field (HAADF)-STEM micrograph of Mg nanoparticles embedded in PEI 
(Figure 5.12, A) and the corresponding map of elements (Figure 5.12, B) were done by 
using the STEM microscopy operated at 200KeV. As it is visible from HAADF-S/TEM 
micrograph, smaller nanocrystals of ca. 5 nm forming large aggregates of about 20 nm 
were present. Each crystal shows a typical core-shell structure, which is well defined 
owing the different color areas in the map, according with the elements distribution in the 
aggregate. 
 
 
 
Figure 5.12 High Angular Annular Dark Field (HAADF) micrograph (A) and corresponding elements 
maps (B) of Mg nanoparticles in PEI, performed by STEM at 200KeV 
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The local electronic structure identified by the EELS spectroscopy shows the presence, in 
the shell, of oxygen and sodium. The EDS-TEM analysis revealed the presence of others 
impurities, such as silicon and calcium.   
 
 
Figure 5.13 HAADF oxygen (A) and sodium (B) maps, with corresponding EELS spectra of Mg 
nanoparticles in PEI, performed by STEM at 200KeV 
 
Figure 5.14 EDS –TEM of Mg nanoparticles in PEI, performed by STEM at 200KeV 
 
The presence of these impurities can be attributed to the solvent used for grid preparation. 
This result was confirmed by both XPS analysis performed on the untreated 
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nanocomposite (as is shown in Figure 5.9) and by the EDS analysis performed on the 
untreated nanocomposite (see Table 5.1), where the sample was found to be quite free of 
impurities. The nanocomposite dissolved in chloroform (see Table 5.1) instead presented 
traces of impurities, in according with EDS-TEM graph.  
The HAADF-STEM micrograph on a single crystal allows of identifying the crystal size, 
which was of ca. 5 nm. Simulated diffraction analysis was also performed (see Figure 
5.15). The Fourier transform of the HAADF-STEM image on a single nanocrystal revealed  
spots corresponding to the lattice spacings of 110 and 002 at 200 kV, indicated with a 
green and yellow circles respectively, which was assigned of hexagonal magnesium 
particle. Thanks to this analysis was possible to identify a core-shell structure in which a 
magnesium metallic core was coated by a layer made of oxygen and others impurities, 
coming from the solvent selected. The Fourier transform of the HAADF-STEM  (see 
Figure 5.16), performed both in the core and in the shell of the structure, confirm the 
presence of a Mg-core structure, covered by a shell made of Mg, O, Na, Ca and Cl. The 
sample resulted to be very sensitive to the electronic beam and it is easily charged. The 
sample vibration makes quite difficult to find the better conditions for aligning the beam 
and correcting the astigmatism. However, the images captured are useful representative for 
the material composition identification. 
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Figure 5.15 HAADF and HR-STEM micrographs (A) and corresponding Fourier transform of the 
HAADF-STEM image (B) of Mg nanocrystal in PEI, performed by STEM at 200KeV  
 
 
 
Figure 5.16 HR-STEM micrograph and simulated diffraction profile of the single Mg-nanocrystal in 
PEI, performed at 200KeV 
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5.3.3.6. Low temperature and pressure gas-sorption measurements in 
Mg/PEI nanocomposites 
The adsorption–desorption isotherms of 8%wt Mg/PEI nanocomposites were measured for 
N2 and H2 gas at 77K, from 0 up to 1bar, by using a Micromeritics ASAP 2020 analyzer. 
All gases used were of 99.999% purity. The sample was sealed in an aluminum bag under 
nitrogen, opened just before the measurements. The sample was degassed at 120°C under 
vacuum (P < 10−5 mbar) for 10 hours, before testing. All the results are collected in the 
Table 5.2. The surface area was determined by using the Brunauer-Emmett-Teller (BET) 
equation, taking the data in the range P/P0 = 0.05 – 0.3 (BET). The N2 gas uptake was 
taken at 750mmHg, and the H2 gas uptake was evaluated at 77K and 1bar. 
 
Compound 
BET surface area 
[m
2
g
-1
] 
N2 uptake 
[cm
3
g
-1
] 
H2 uptake 
[wt%] 
8%wt Mg/PEI 4.57±0.05 13.09 0.05 
Table 5.2 The BET surface area, N2 and H2 gas uptake of the 8%Mg/PEI nanocomposite, performed at 
77K and from 0 up to 1bar 
 
As it is evident, the measurements of gas sorption performed at low pressure and 
temperature has shown low BET surface area and N2 gas uptake. Unlike other materials, 
such as MOFs, or carbon nanotubes, etc., having good intrinsic porosity, the PEI exhibited 
a very low surface area and poor adsorption properties in physisorption conditions. 
Moreover, the Mg nanocrystals embedded into the polymer probably occupies the surface 
and the space of the pores, according with some literature woks [8], affecting absorption 
properties of the nanocomposites. The H2 sorption isotherms were monitored at 77K up to 
1bar. The linear absolute isotherm plot, and the pressure-composition isotherm plot are 
reported in Figure 5.17, A and B, respectively.  As it is visible the quantity of H2 adsorbed 
at 77 K and 1 bar is very low, of ca. 6cm
3
/g, as visible in Figure 5.17, A. Also the 
corresponding H2 uptake capacity is very low (Table 5.2). Despite the small dimensions of 
the produced metal, the Mg/PEI nanocomposite has shown very poor hydrogen adsorption 
in the physisorption conditions. The chemisorption capacities will be evaluated in future.  
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Figure 5.17 Physical H2 adsorption/desorption measurement of 8wt%Mg/PEI 
 
 
 
5.4. Conclusion 
The synthesis and characterization of nanostructured magnesium into a polyetherimide 
(PEI) were performed. The PEI is a high performance polymer having good oxygen barrier 
properties. In according with the reaction mechanism proposed, the presence of metallic 
and oxidized magnesium phases were found by X-ray photoelectron spectroscopy (XPS) 
analysis. The scanning transmission electron microscopy (STEM) micrographs also 
revealed the presence of smaller Mg nanocrystals of ca. 5 nm forming large aggregates of 
ca. 20 nm. The Fourier transform of the HAADF-STEM image revealed the presence, for 
each single crystal, of a typical core-shell structure in which a magnesium metallic core 
was coated by a layer made of oxygen and other impurities coming from the solvent 
selected. The presence of a metallic core coated by an oxide shell indicates that magnesium 
originally consisted of pure zero-valent magnesium phase. This result can be expected 
because the magnesium is an “active” metal and probably, during the sample preparation 
for the microscopy observations, it can be easily oxidized. Also the small sizes of the 
produced metal and hence the nanostructuring effects, amplifies the interface phenomena 
and therefore the oxidation process. Several surface oxygen removal processes, such as 
hydrogen fluorination or hydrogenation processes, can be used for re-activating the metal 
nanoparticles and make them suitable for the storage application.  
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Conclusion 
 
The development of new materials represents the recent frontier in hydrogen storage 
technologies. In the last few decades the preparation of nanostructured materials has had an 
increasing interest, because the hydrogen storage capacity is closely linked to the material 
dimensions, and increases considerably with the reduction of the particles sizes. The 
chemical synthesis plays an important role in the development of new materials for 
hydrogen absorption because it allows a good control of the hydride phase sizing, and thus 
of the kinetics/ thermodynamics of such materials. The aim of the work concerns the 
synthesis by chemical techniques of metals nanoparticles.  Nanostractured metals 
embedded into a polymeric matrix are prepared. The polymer was used for achieving 
nanoparticles with tailored properties.  
In the first part of this work, the synthesis of Pd clusters embedded into poly-(N-
vinyl-2-pyrrolidone) (PVP) is presented. Nanostructured palladium is one of the most 
investigated model system for understanding the hydrogen interaction with metal surfaces. 
Then nanostructured Mg composites generated both into a poly(methyl methacrylate) 
(PMMA) and polyetherimide (PEI) matrix are also presented.   
At the beginning a very simple way for Pd clusters synthesis has been investigated. 
The chemical reduction process of a palladium salt (potassium tetrachloropalladate(II), 
K2PdCl4, reduced by the ethylene glycol, (EG)) in presence of surface stabilizers, was 
investigated. Thanks to this chemical approach and an appropriate control of the process 
conditions, extremely small crystals of about 2.6 nm, uniformly distributed in the polymer, 
have been obtained. Despite the low hydrogen storage capacity of palladium, the study of 
the processes involved in the nanoclusters production allowed to understand the general 
approach to be used for the nanostructured H2-storage materials preparation. In addition, 
the palladium plays an important role in the H2-dissociative adsorption on its surface, 
followed by H atoms diffusion to the support on which it is deposited (spillover 
mechanism). Smaller particles increase the hydrogen storage capabilities. Future work will 
focus on depositing Pd clusters on nanostructured magnesium for increasing the 
magnesium H2 absorption capacity. 
In the second part of this work, it has been proposed an innovative method for the 
Mg-based nanocomposites materials preparation, which is based on the thermolysis of an 
organometallic compound, the bis(η5-cyclopentadienyl)magnesium(II) (Cp2Mg), dissolved 
124 
 
in two different polymers. Firstly, the synthesis and the characterizations of nanostructured 
magnesium composites into a poly(methyl methacrylate) (PMMA) matrix is presented. 
This preparation involves two steps, the first step is used for the Cp2Mg/PMMA solid 
solution preparation, and the second step consist of a thermal annealing treatment, which is 
used for the precursor (Cp2Mg) decomposition and nanostructured Mg-composites 
precipitation. Since the magnesium compounds are air-sensitive materials, all the synthesis 
procedures were performed in inert atmosphere using a glove box. Early results performed 
by X-ray photoelectron spectroscopy allowed to establish that the magnesium produced in 
PMMA resulted oxidized by ca. 30%. The structural and morphological investigations 
performed by scanning transmission electron microscopy at high voltage, highlighted the 
presence of partially oxidized magnesium nanocrystals, of ca. 2nm. 
In the last part of this work some strategies used to prevent the Mg nanocrystals 
oxidation are presented. The synthesis of nanostructured magnesium into a polyetherimide 
(PEI) matrix is described with the characterizations procedures. The PEI is a new high 
performance amorphous thermoplastic polymer with high oxygen permeation barrier 
properties. Different process conditions were used, like different annealing temperatures 
and a new thermolysis apparatus design. A novel design for the thermolysis apparatus was 
developed. The spectroscopic characterization of the Mg/PEI nanocomposites performed 
by X-ray photoelectron spectroscopy showed the presence of Mg and MgO mixture on the 
nanocomposite surface. Very interesting results are achieved with the structural and 
morphological investigations performed by the scanning transmission electron microscopy 
at high voltage. In particular, smaller Mg nanocrystals of ca. 5 nm, forming large 
aggregates of ca. 20 nm, were observed. Each crystal shows a typical core-shell structure 
in which a magnesium metallic core is coated by a layer made of oxygen and others 
impurities. The presence of a metallic core and an oxide shell indicates that nanocrystals 
were originally made of zero-valent magnesium. In fact magnesium is an “active” metal 
and probably, during the sample preparation for the analysis, it undergoes an oxidation 
process. It must be pointed out that the small dimensions of the produced metal, and hence 
the nanostructuring, enhance interface oxidation phenomena. However, some oxygen 
surface removal techniques, like hydrogen fluorination or hydrogenation treatments, can be 
used for re-activating the metal nanoparticle surface making them as suitable for the 
storage application. A possible future research activity in this field can be related to the 
removal of the oxide layer and testing the hydrogen adsorption/desorption ability of 
developed materials. 
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Appendix A 
Manipulation of air sensitive 
compounds 
 
The manipulation of the air-sensitive compounds [1] is based on the use of an inert gas 
atmosphere to exclude the air. This approach may be further subdivided into those 
techniques which involve bench-top operations, with special glassware (often called 
Schlenk techniques) or the glove box techniques, in which manipulations are performed in 
a chamber filled with inert-atmosphere. The principal advantages of the dry box concern its 
use for complex manipulations of solids, and for compounds showing particular features, 
as high air reactivity (spontaneous ignition) and autocombustion. 
The nanostructured magnesium composites preparation has implied the use of an air 
sensitive organometallic compound, the bis(η5-cyclopentadienyl)magnesium(II) (Cp2Mg). 
The raw materials obtained commercially were opened only after stocking in the glove 
box. Anhydrous solvents were selected, to avoid the water presence. The preparation of the 
nanostructured magnesium composites has involved two process steps: the first step 
concerns the polymer/precursor solid solutions preparation, and the second step concerns 
the thermal annealing of that solid solution. The first annealing tests were done using a 
ceramic hot plate, placed into the glove box. Since it was noted that the ceramic hot plate 
was unable to guarantee a good temperature control, the second class of nanocomposites 
materials were annealed in a tubular oven under nitrogen gas atmosphere. Some 
improvements on the thermolysis apparatus design were performed. A “sample transport 
device” system was designed to move the sample, under inert atmosphere, from the glove 
box in which the solid solutions were prepared to the tubular oven, and to come back in the 
glove box. The whole process apparatus will be described. 
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A.1. Glove Box 
The glove box was a “LABmaster Up” glove box workstation4 from MBraun (see Figure 
A.1) operating under nitrogen atmosphere, equipped with an oxygen and humidity 
controller working at <0.1ppm and <0.1ppm contents, respectively. The pressure in a dry 
box must be close to 1atm, for easy manipulation of the gloves. Significant deviation from 
1atm for a non-evacuable glove box can damage the windows, gloves or box walls. A 
pressure controller helps to keep the desirable pressure, because large fluctuations in the 
dry box pressure can be result from running the gloves in and out during the manipulations. 
The chamber is also equipped by a pre-chamber having an autoclave-type closure, a 
centrally located screw and evenly distributed clamps and bolts. The pre-chamber is used 
for inserting and picking of the samples and reagents from the main chamber. 
 
 
Figure A.1 Glove Box apparatus 
 
Vacuum and nitrogen cycles are carried out to get and remove the materials from the glove 
box. Gas purification cycles have been periodically performed to keep oxygen and 
humidity values within the chamber sufficiently low. 
                                                 
4 The glove box was supplied by the "Nanomaterials and Devices Laboratory" - SSPT-PROMAS-NANO 
Division of ENEA (National Agency For New Technologies, Energy and Sustainable Economic 
Development), under the Dr. Carmela Borriello supervision. 
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A.2. Thermolysis Apparatus Scale-up 
An apparatus for thermolysis of the Mg/PEI nanocomposites was carried out. The 
thermolysis apparatus configuration is shown in Figure A.2. The tubular oven was 
connected to a nitrogen stream to guarantee the inert atmosphere during the heat treatment. 
The tubular oven from "Barnsted / Thermolyne” was equipped with a thermoregulator of 
the "Eurothterm" model 2116. 
 
 
Figure A.2 Thermolysis apparatus configuration 
 
The thermolysis apparatus configuration was constituted of a nitrogen stream connected to 
the oven input position. A “Glass Ice Cold Trap” partially filled with ethylene glycol, was 
placed in the output, and an oil bubbler was connected to it. The trap was immersed in an 
ice and salt bath (the NaCl salt was used to stabilize the temperature below 0 °C) for 
cooled down the gaseous phases produced during the reactions. The “Oil bubbler” partially 
filled with silicone oil, was used to check the nitrogen fluxing. 
Preliminary temperature calibration tests were performed by using a K thermocouple. Type 
K Thermocouple (Nickel-Chromium/Nickel-Alumel) was used, working in range 
temperatures from –270 to 1260°C, with accuracy of +/- 2.2°C. The calibration was 
performed under nitrogen atmosphere. The thermocouple was put inside the tube, in the 
side of the out of the gas flow. A schematic representation of the tubular oven and the 
calibration plot are reported in Figure A. 3. As visible in Figure A. 3- A, the total oven 
length was of 49cm. The sample will be placed in a ceramic combustion boat of 9 cm 
length, thus the calibration was performed at 24.5cm, in the oven center. The side of the 
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output of the gas corresponds to the side of the inlet of the thermocouple (see Figure A. 3-
A). A temperature values, ranging from 50 to 600°C, were selected on the thermoregulator. 
After the oven thermal stabilization, the temperature values were read by both on the oven 
thermoregulator and on the thermocouple. The calibration plots were reported in Figure A. 
3, B. 
 
 
Figure A. 3 Schematic representation of the tubular oven (A) and calibration plots (B): the black 
points are the T selected, the red points are the T values read by oven and the blue points are the T 
values read by the thermocouple 
 
As visible a little deviations by the “set point” temperature values was noted, by both for 
the oven and for the thermocouple plots values. The temperature overshoot was aligned 
selecting the running rate at 10°C/min. With this calibration was possible to determine the 
exactly temperature to the center of the oven, where will be placed the samples (at 24.5 
cm). 
 
A.3. Improvement made on the apparatus: sample transport device 
A “sample transport device” system was designed to move the sample, under inert 
atmosphere, from the glove box, in which the solid solutions were prepared, to the tubular 
oven, and to come back in the glove box. A careful design of the sample transport device 
has been developed. The schematic representation and corresponding real picture of the 
sample transport device are reported in Figure A.4. The device was constituted by a tube of 
glass and two flow adapters, for the flux nitrogen gas. The In/Out of the gas flow are 
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shown in Figure A.4, A. The adapters distance must be higher than the ceramic boat length 
(of 9cm), to guarantee an in inert atmosphere to the sample. At the same time the total 
device length must be lower than to the glove box pre-chamber length, to allow the inlet of 
the device into the chamber (to put and take the samples from the glove box). One side of 
the tube has designed to be adapted to the quartz tube of the tubular oven, to be connected 
to it (see Figure A.4, B).  The other side was used to move, by using an iron rod, the 
sample into the oven center. 
 
 
Figure A.4 Schematic representation (A) and real picture of the “sample transport device” 
 
The reaction process was be the following: the solid solutions were prepared in glove box; 
then the sample transport device containing the ceramic boat was get into the glove box, to 
take the sample. After the sample placing in the ceramic boat, the flow adapters were 
closed, and the sample transport device was brought to the oven, for the nanocomposites 
thermolysis. Here a silicone tube was connected to the “In Gas” adapter (see Figure A.4) 
and the nitrogen flux opened. At the same time the “Out gas” adapter was opened, to allow 
the nitrogen fluxing. The sample transport device was connected to the quartz tube of the 
tubular oven (see Figure A.5, C), and the ceramic boat was put in to the oven center by 
using an iron rod (see Figure A.5, D). The thermolysis apparatus was reported in the 
configuration of Figure A.6. In this configuration the nitrogen gas flow in the inlet was 
splitted into two fluxes, one is used for the oven and the second flux of nitrogen is used for 
the sample transport device. After these preliminary procedures the thermolysis can be 
play. The nanostructured magnesium composites were annealed in a tubular oven for 10 
minutes at 330°C. At the end of the process the nanocomposites were left in the oven, and 
then cooled down at room temperature. After that, the sample transport device was again 
connected to the oven, to take the sample. The second flux of nitrogen is opened. Taking 
the sample, the two flow adapters were closed, thus to guarantee the inert atmosphere to 
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the sample, and the device was placed into the glove box. Only when the device was in 
glove box was opened. Then the sample was sealed in aluminum bags, to be opened just 
before the characterizations. 
 
 
Figure A.5 Schematic representation of the nanocomposites placement in the oven (C and D) 
 
 
 
 
Figure A.6 Real picture of the complete thermolysis apparatus  
 
 
A.4. References 
[1] D.A. Shriver, M.A. Drezden, The manipulation of air-sensitive compounds, Wiley-
Interscience, New York, 2nd Ed. (1986) 1–335. doi:10.1016/0022-328X(87)80317-
0. 
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Appendix B 
Characterization techniques 
 
In this section the characterization techniques used for the palladium and magnesium 
crystals embedded into a polymer matrix are described. Characterization contains two main 
categories: structural analysis and property measurements. Morphological and structural 
analyses are carried out using a variety of microscopy and spectroscopy techniques, while 
the property characterization is performed by using specific measuring techniques. 
 
B.1. Transmission Electron Microscopy (TEM) 
The transmission electron microscopy (TEM) is a powerful technique for the direct 
detecting of nanoparticles because it can provide a real space image on the atom 
distribution in the nanocrystal and on its surface. TEM is versatile tool that provides not 
only atomic-resolution lattice image, but also chemical information at a spatial resolution 
of 1nm or better, allowing direct identification the chemistry of a single crystal [1]. A 
modern TEM can be schematically shown in Figure B.1, which is composed of an 
illumination system, a specimen stage, objective lens systems, the magnification system, 
the data recording system(s), and the chemical analysis system. The electron gun is the 
heart of the illumination system, which typically uses a LaB6 thermionic emission sources 
or a field emission source. The LaB6 gun gives a high illumination current but the current 
density and the beam coherence are not as high as those of the field emission source. Field 
emission source is unique for performing high coherence lattice imaging, electron 
holography and high spatial resolution microanalysis. The illumination system also 
includes the condenser lenses that are vitally important for forming a fine electron probe. 
Specimen stage is the key for carrying out structure analysis, because it can be used to 
perform in-situ observations of phenomena induced by annealing, electric field, or 
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mechanical stress, giving the possibility to characterize the physical properties of 
individual nanostructures. The objective lens is the heart of a TEM, which determines the 
limit of image resolution.  
 
 
Figure B.1 Schematic structure of a transmission electron microscope 
 
The magnification system consists of intermediate lenses and projection lenses and it gives 
a magnification up to 1.5 million. The data recording system tends to be digital with the 
use of a charge coupled device (CCD), allowing quantitative data processing and 
quantification. Finally, the chemical analysis system is the energy dispersive X-ray 
spectroscopy (EDS) and the electron-loss spectroscopy (EELS), both can be used 
complimentary to quantify the chemical composition of the specimen. EELS can also 
provide information about the electronic structure of the specimen. 
A sample shaped as a thin film is transilluminated by a beam of accelerated electrons with 
an energy of 50-200keV in vacuum of ca. 10
-6
mmHg.Those electrons that were deflected 
at small angles by atoms in a sample and passed through the sample get into a system of 
magnetic lenses to form a bright-field image of the sample internal structure on a screen 
and a film. A resolution of 0,1nm was achieved, which corresponds to a magnification 
133 
 
factor of 106. The resolution depends on the nature of the sample and the method of its 
preparation. Usually, film of 0,01-μm thickness are studied.  
A transmission electron microscopy (TEM) “FEI Tecnai G2 Spirit TWIN 120 kV with 
LaB6 source” was used for the morphological characterizations. The palladium and 
magnesium crystals embedded into a polymer matrix were usually dissolved in an 
appropriate solvent at room temperature, and a drop of such solution was placed on the 
Formvar-coated copper grid and successively observed. Only for the Mg/PMMA sample, a 
solid thin film using an ultramicrotome was prepared and observed, in order to compare 
the results with that prepared in solution. A part of this sample was embedded into liquid 
epoxy resin. The resin was degassed before its inlet into a glove box. A sample piece was 
placed in a silicon mold, and then the liquid resin was poured onto it. All the procedures 
were performed in inert atmosphere. The composite resin-Mg/PMMA was left for 4 days 
in glove box for curing, before its observation. A film of the resin-Mg/PMMA was 
prepared using an “ultramicrotome diamond knife” (DIATOME Ultra Diamond Knife). 
The ultra-knife (in the triangular holder) with a cutting range of 30nm-2µm for dry 
sectioning of epoxy resin embedded samples is used. The gliding of the sections on the dry 
knife surface allows to obtain sample of thickness between 30-150nm, that correspond to 
an optimal thickness range for TEM investigations (electron transparency). The sample 
sections (or film) were collected in water and deposited on a Formvar-coated copper grid 
and successively observed.  
The nanostructured magnesium composites were also studied by means of atomic-
resolution imaging and spectroscopic techniques like the low energy aberration-corrected 
scanning transmission electron microscopy (STEM) together with atomic-resolution 
electron energy-loss spectroscopy (EELS). The analyses were performed by using a "sub-
Angstrom JEOL JEM-ARM200F" Transmission Electron Microscopes, installed at 
IMM-CNR5 of Catania, thanks to the Beyondnano project. This facilities has exceptional 
features which make one the most powerful analytic electron microscope in Europe. Its 
sophisticated hardware configuration combines spatial resolution and chemical contrast on 
a single image, allowing, element by element, the identification of the atomic structure of 
materials even at very low beam energy. The workstation, called “The Active Lab”, is 
equipped with active suspension system, system for compensation of electromagnetic 
fields, radiant panel with control of the thermal stability of 0.06 °C/h, sound proof walls 
                                                 
5Istituto per la Microelettronica e Microsistemi (CNR-IMM), VIII Strada 5, I-95121 Catania, Italy. 
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able to reduce more 1000 times outside noise. The Transmission Electron Microscopes 
“JEOL JEM-ARM200F” picture is reported in Figure B.2. The microscope consists of a 
probe corrected STEM microscope equipped with a cold field emission gun (40-200kV C-
FEG with 0.27eV energy spread) and a fully loaded GIF Quantum ER as EELS 
spectrometer. 
 
 
Figure B.2 Transmission Electron Microscopes “JEOL JEM-ARM200F” 
 
The spherical aberration correctors were STEM correctors of “Ceos sextupole Cs 
aberration corrector” on the probe for 0.64 Å STEM, for image-and probe-forming 
systems. This particular installation is capable of delivering a probe size of 0.68 Å at 200 
kV and an energy spread better than 0.3eV. The microscope was aligned under diffraction 
mode, with parallel beam illumination. The EELS spectrometer was set to 0.025eV 
dispersion, yielding 0.5eV energy resolution. Such energy resolution is sufficient to reveal 
different features in the low loss region of the spectra. Each acquisition was obtained by 
averaging different aligned spectra. For each spectrum the exposure time was fixed at 
0.02s.The atomic resolution STEM High-Angle Annular Dark-Field (HAADF) images and 
atomic EELS measurements were performed at 200 kV. The EELS spectra were taken by 
scanning the electron beam across the interface in the high angle annular dark field 
(HAADF) STEM images. The Fourier transforms of raw high angle annular dark field 
(HAADF) images are able to reveal the spots corresponding to the lattice index of the 
detected element. The energy-dispersive X-ray spectroscopy is performed to identify the 
chemical composition. 
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B.2. Scanning Electron Microscopy (SEM) 
The scanning electron microscopy (SEM) is mainly useful for giving a three-dimensional 
image of the surface of the sample. Scanning electron microscopy is a high resolution 
microscopy technique based on using a focused beam of electrons to irradiate a sample 
material in order to investigate its surface, morphology and composition. Interaction of 
beam electrons with sample’s atoms produces several signals containing information about 
the material. As with TEM, the samples are exposed by an electron beam, but instead of 
the electrons being transmitted through the sample, the beam is "scanned" by all, creating a 
sample surface image with exceptional depth of field. Figure B.3 shows a schematic 
representation of an SEM [2].  
 
 
Figure B.3 Scheme showing the main components of a scanning electron microscope 
 
The electron gun at the top of the column produces an electron beam that is accelerated and 
passes through a series of electromagnetic lenses and apertures. In this way, the electron 
beam is focused into a fine spot as small as 1 nm in diameter on the specimen surface. A 
final lens deflects the beam in the x and y axes so that it scans in a raster fashion over a 
rectangular area of the sample surface. Interaction of the electron beam with the sample 
results in the generation of a variety of signals: reflected electrons, secondary electrons, 
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Auger electrons, transmitted electrons, cathodoluminescence (photons) and X-rays. All 
these phenomena are interrelated and all of them depend to some extent on the topography, 
the atomic number and the chemical state of the specimen. Different types of signals can 
emerge from different volumes of interaction (see Figure B.4). 
 
 
Figure B.4  Interaction volume for the various scattering types, and imaging modes. 
Backscattered 
electrons are seen to have a much larger interaction volume than secondary electrons. 
 
 
The size and the shape of the volume depend on many factors, including beam energy and 
sample composition. The signals are stored in computer memory and then mapped as 
variations in brightness on the image display. The most commonly imaged signals in SEM 
are secondary electrons and back-scattered electrons. Characteristic X-rays are also widely 
used in SEM for elemental microanalysis (in this case a specific detector is required). 
Secondary electrons (SEs) are produced as a result of the interactions between energetic 
beam electrons and the weakly bound conduction-band electrons in metals or valence 
electrons in semiconductors and insulators. Secondary electrons have low kinetic energy (< 
50 eV) so only the electrons produced near the surface can escape from the sample. The 
signal of SEs varies with the topography of the sample surface much like an aerial 
photograph: edges are bright, recesses are dark. Indeed, the main cause of the image 
contrast is the existing angle between the incident beam and the surface. The ratio of the 
size of the displayed image to the size of the area scanned on the specimen gives the 
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magnification. Increasing the magnification is achieved by reducing the size of the area 
scanned on the specimen. 
Backscattered electrons (BSEs) are elastically scattered electrons by the nuclei of the 
atoms in the specimen. BSEs exit from the surface with a high energy and contain 
information on chemical composition of the elements in the specimen. The number of 
BSEs increases with the atomic number Z of the atoms, so a material with a high Z will 
appear brighter on the image than a material having a lower Z. 
The interaction volume for the various scattering types and imaging modes is illustrated in 
Figure B. 5 where BSE electrons are seen to have a much larger interaction volume than 
SE electrons. The larger interaction volume results in BSE mode having a lower resolution 
than SE mode. 
 
Figure B. 5 Various modes of electron emission from incident x-rays or electrons 
 
During inelastic scattering of the beam electrons, x-rays can be formed by two distinctly 
different mechanisms: Bremsstrahlung and inner-shell ionization processes. In the first 
case, beam electrons undergo deceleration in the Columbic field of the atom and the lost 
energy is emitted as x-rays. Because of the random nature of this interaction, the electron 
may lose any amount of energy in a single deceleration event. This results in a continuum 
spectrum of x-rays, which is not useful for material’s analysis. In the second case, a beam 
electron interacts with a tightly bound inner-shell electron, ejecting the atomic electron and 
leaving a vacancy in that shell; the atom is left as an ion in an excited state and relaxes to 
its ground state through a limited set of allowed transitions of outer-shell electrons to fill 
the inner-shell vacancy. The energies of the electrons in the shells are sharply defined, with 
values characteristic of the atomic species. The energy difference of the transition is 
therefore also a characteristic value, and this excess energy can be released from the atom 
in one of two ways: 
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1. in the Auger process, the difference in shell energies can be transmitted to another outer 
shell electron, ejecting it from the atom as an electron with specific kinetic energy; 
2. in the characteristic x-ray process, the difference in energy is expressed as a photon of 
electromagnetic radiation that is sharply defined in energy, in contrast to the 
bremsstrahlung process, which produces photons spanning an energy continuum. 
The number and energy of the characteristic x-rays can be measured by an energy-
dispersive spectrometer (EDS), which provides information about the elemental 
composition of the sample and concentration of each element. 
The SEM and the energy-dispersive X-ray spectroscopy (EDS-SEM) measurements were 
performed by using a Scanning Electron Microscopy “FEI Quanta 200 FEG”. A small 
sample fragment was placed on a bi-adhesive graphite sticker, attached on an aluminum 
stub. Coating of samples is required in the field of electron microscopy to enable or 
improve the imaging of samples. Creating a conductive layer of metal on the sample 
inhibits charging, reduces thermal damage and improves the secondary electron signal 
required for topographic examination in the SEM. For the elemental composition analysis 
the sample was observed without using any coating. 
 
B.3. X-ray diffraction (XRD) 
X-ray diffraction (XRD) is a fundamental technique for both qualitative and quantitative 
analysis of crystalline solid materials. The diffraction phenomenon is based on the fact that 
the wavelength of X-rays (1 Å) is of the same order of magnitude as the interatomic 
distances (ca. 0.5-2.5 Å). Therefore, a crystal behave as a 3-D grating to an incident beam 
of X-rays and the resulting diffraction pattern can be used to determine the crystal structure 
of a material together with its composition. Diffraction is usually explained using Bragg’s 
Law: 
n2dsin
 
where λ is the wavelength of the incident beam, d is the perpendicular distance between 
lattice planes and θ, known as Bragg angle, is the angle of incidence. The n parameter is an 
integer number that represents the order of the reflection: when n = 1 the reflections are 
called first order, when n = 2 they are called second order and so on. As shown in Figure 
B.6, two parallel X-rays beam A and B with a certain wavelength λ and an incidence angle 
θ are ‘reflected’ by adjacent crystal planes. 
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Figure B.6 Schematic of diffraction of a crystal used for deriving Bragg’s law 
 
In the case of powdered materials, the sample can be considered as a large number of small 
randomly oriented crystallites. In a crystal, the unit cell represents the simplest repeating 
unit of the crystal structure: it has the full symmetry of the crystal and it continuously 
repeats in all directions. The common way to describe it is by defining symmetry, shape 
and size, where a, b and c are the lengths and α, β and γ are the angles of the unit cell. The 
orientation of the crystal planes can be defined by the Miller indices (hkl) which indicate 
the reciprocal values of the positions where the plane intersects the a, b and c axes 
respectively. The Miller index values (hkl) can be positive, negative or null. The value of 
dhkl can be determined for each of the crystal systems. The equations for calculating the 
interplanar distances can be combined with Bragg’s law to determine the unit cell 
dimensions as part of the indexing process. 
It is important to note that X-rays are scattered by electrons rather than by atomic nuclei 
and the active scattering centers are given by the electron density distributed in the crystal 
lattice. Therefore, how well an atom or a material diffracts depends upon the number of 
electrons present. Atoms with a greater number of electrons (with higher atomic number, 
heavier atoms) will scatter X-rays more effectively, resulting in a greater intensity of the 
observed diffraction peaks. On the other hand, materials containing lighter elements such 
as hydrogen or lithium (the atomic numbers are 1 and 3 respectively) or magnesium too, 
will not scatter strongly when in presence of heavier atoms. 
X-ray powder diffraction (XRD) patterns were recorded on a “Bruker D8 advance X-ray 
diffractometer” employing CuKα radiation (λ =1.5406Å) with 40kV and 40mA. The 
specimen preparation was performed under N2 atmosphere in the glove box. The sample 
was opened just before the measurements, and the test were performed in air. The 
crystalline structure of the material can be obtained by comparing the peak positions with 
those collected in the Power Diffraction Data File (JCPDS data collection).  
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The determination of Pd clusters embedded in PVP was determined by using the Scherrer’s 
equation: 
 
D = k  

     
 
 
Where D is the mean size of the ordered (crystalline) domains, which may be smaller or 
equal to the grain size; K is a dimensionless shape factor, with a value close to unity. The 
shape factor has a typical value of about 0.9, but varies with the actual shape of the 
crystallite; λ is the X-ray wavelength; β is the line broadening at half the maximum 
intensity (FWHM), after subtracting the instrumental line broadening, in radians. This 
quantity is also sometimes denoted as Δ(2θ); θ is the Bragg angle (in degrees). 
 
B.4. X-ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic 
technique that measures the elemental composition at the parts per thousand range (0.1 at. 
%), chemical state and electronic state of the elements that are present within the first 
surface layers of a material. The sample is placed in an ultrahigh vacuum environment and 
exposed to a low energy, monochromatic x-ray source. The incident x-rays (of energy 
around 1.5 keV) cause the ejection of electrons from the atoms of the sample (photoelectric 
effect, Figure B.7).  
 
 
Figure B.7 The photoemission process involved in XPS. The discs represent electrons and the bars 
represent energy levels within the material being analyzed. 
 
An electron energy analyzer is used to measure the energy of the emitted photoelectrons 
and a detector to count their number. The number of photoelectrons as a function of their 
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energy gives the XPS spectrum of the sample. The kinetic energy of the generated 
photoelectrons is given by: 
Ke = hν − BE – ϕ 
 
where hν is the incident photon energy, BE the binding energy of the emitted electron in 
the atom and ϕ is the work function of the analyzed material. The kinetic energy of a 
photo-emitted electron is a function of its binding energy and thus is characteristic of the 
element from which it was emitted. For this reason, the energy corresponding to each peak 
in the XPS spectrum is characteristic of an element present in the sampled volume and can 
be used for composition analysis. The area under a peak in the spectrum is a measure of the 
relative amount of the element represented by that peak. The peak shape and precise 
position indicates the chemical state for the element. XPS is a surface sensitive technique 
because only those electrons generated near the surface escape without losing energy and 
are detected. The photoelectrons of interest have relatively low kinetic energy. Due to 
inelastic collisions within the sample's atomic structure, photoelectrons originating more 
than 20 to 50 Å below the surface do not contribute to XPS signals. 
The X-ray Photoelectron Spectroscopy analyses were performed by using a “Surface 
spectroscopy facility” at IMEM-CNR6 of Trento (see Figure B.8). The ultra-high vacuum 
(UHV) facility for surface spectroscopy is a -metal chamber, pumped by a main system 
constituted by a dry primary pump connected with a magnetic-levitation turbomolecular 
pump (Edwards STP451 MAGLEV), and equipped with different excitation sources. After 
the proper bake-out procedure this pumping system assures a base pressure of about 1x10
-
10
 mbar. The sample holder is a VG XL25 type, made by a sample carrier with an on-board 
heater and a cooling system (-100/+1200°C temperature range), a thermocouple is present 
to monitor sample temperature. It is mounted on a 5 degrees of freedom manipulator, 
which besides assures the correct sample positioning for both surface analysis and film 
deposition. Moreover, UHV electrical feedthroughs provide electrical contact to bias the 
sample surface, as well as the needed wiring to resistively heat the sample and measure its 
temperature. The analysis chamber is connected in UHV with the Fast Entry system that 
permits the insertion of samples from air to vacuum. The core of the facility is the electron 
energy analyzer, an hemispherical type (VS WHA100), with a spheres' radius of 100mm. 
This analyzer acts as a narrow energy pass filter, letting pass only the electrons that have a 
                                                 
6 Institute of Materials for Electronics and Magnetism (IMEM), National Research Council (CNR),Via alla 
Cascata 56/C, 38123 (Povo) Trento, Italy. 
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specific KE, and it is equipped with a five Channel Electron Multipliers (so called 
Channeltrons) to collect and reveal the electrons. Different surface electron techniques can 
be performed, namely X-ray and UV Photoelectron spectroscopies (XPS and UPS), Auger 
electron spectroscopy (AES), electron energy loss spectroscopy (EELS). 
 
 
Figure B.8 Surface spectroscopy facility 
 
Using this analyzer, the maximum energy resolution achieved for XPS and UPS techniques 
is 0.78 and 0.1eV, respectively, while for AES is 0.5eV. The collection geometry is such 
that the sample surface is typically normal to the analyzer in XPS, UPS and AES 
spectroscopies, while excitation sources are positioned at different angles with respect to 
the sample’s surface. The chamber is also equipped with a reverse view type LEED (Low 
Energy Electron Diffraction), provided with an electron beam gun that operates at energies 
ranging from 10 to 1000eV (typically at 20-200eV), with high brilliance and small spot 
thanks to the LaB6 electron emitting filament.  
X-Rays are produced by a double-anode Mg source, in which the excited emission is the 
line Kα1,2 and the emission energy is 1253.6eV (phonon energy width ΔE=0.70eV). The 
continuum Bremsstrahlung spectrum is filtered by the insertion of a thin (1μm) aluminum 
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foil in correspondence of the exit aperture, which also acts as shield to the high voltage of 
the anode for the sample surface. 
The electron source (LEG62 ThermoVG electron gun), used as excitation source for AES, 
has a maximum beam energy of 5keV and a maximum current of 20μA: spot size can be as 
small as 5μm.  The UV source is a home-made He discharge lamp, with two-stages 
differential pumping employed to minimize gas load in the main chamber. Two UV 
photons can be produced: HeI (hν = 21.22eV) and HeII (hν = 40.8eV). 
 
B.5. UV-Vis spectroscopy  (UV-Vis) 
UV-visible spectroscopy, also known as electronic spectroscopy, refers to the absorption of 
electromagnetic radiation by atoms or molecules that leads to valence electrons promotion 
from ground state to excited states. Generally, the explored range of wavelengths includes 
UV (10- 200 nm), near UV (200-380 nm) and visible (380-780 nm) light. Sometimes, also 
the near infrared region (>780 nm) is investigated. To encompass the majority of electron 
transitions the spectrum between 190 and 900 nm is usually considered. Valence electrons 
can be found in one of three types of electron orbital: 
1. single, or σ, bonding orbitals; 
2. double or triple bonds (π bonding orbitals); and 
3. non-bonding orbitals (lone pair electrons). 
Sigma bonding orbitals tend to be lower in energy than π bonding orbitals, which in turn 
are lower in energy than non-bonding orbitals. When electromagnetic radiation of the 
correct frequency is absorbed, a transition occurs from one of these orbitals to an empty 
orbital, usually an antibonding orbital, σ* or π*. For molecules, electrons are promoted 
from the highest occupied molecular orbital to the lowest unoccupied molecular orbital. 
There are different mechanisms of light absorption by semiconductors: interband 
(fundamental) absorption, dopant absorption, excitonic absorption, absorption by free 
charge carriers, absorption by crystalline lattice. The fundamental absorption leads to the 
generation of electron-hole pairs as a result of optical excitation of electrons from the 
valence band to the conduction band. Since the minimum quantum energy sufficient to 
electron excitation from the valence band to the conduction band is equal to the band gap, 
the threshold energy of the fundamental absorption is related to the band gap of the 
semiconductor. 
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The amount of absorbed light is expressed as either transmittance (T) or absorbance (A) of 
the material. Transmittance is given in terms of fraction or percentage and is defined as: 
 
T () = 
   
    
 or    %T = 
 
  
 
 
where I is the intensity of transmitted light and I0 is the intensity of incident light. 
Absorbance is defined as:  
A () = -logT() 
 
The intensity of the absorbed light follows the Lambert-Beer’s law: 
 
I() = Io()        
 
where d is the thickness of the sample and α(λ) is the absorption coefficient of the 
material. 
A UV-Vis spectrometer (Figure B.9) [3] consists of a light source, a monochromator, a 
beam splitter, two holders (one for the sample and one for the reference), and two 
photodiode detectors.  
 
Figure B.9 Schematic optical system of a common double-beam spectrophotometer  
 
The light source should be stable and should provide sufficient intensity over a large region 
of the electromagnetic spectrum. A combination of tungsten-halogen and deuterium arc 
bulbs provide visible and UV light, respectively. The monochromator separates the light 
emitted by the source into its component wavelengths. The beam is separated into two 
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beams with equal intensity: one beam is used as the reference and the other passes through 
the sample. The reference beam intensity is taken as 100% Transmission (or 0 
Absorbance), and the measurement displayed is the ratio of the two beam intensities. 
The absorption properties of the synthesized nanocomposites were studied by using an 
UV-Visible spectrophotometer "Perkin Elmer, Lambda 850" equipped by two lamps: a 
tungsten lamp for emissions in the visible region covering a range of wavelengths between 
930 and 330 nm, and a deuterium lamp (a hydrogen isotope) which emits continuously 
below 400 nm to 175 nm. The beam from the source is sent to the monochromator, which 
breaks the polychromatic radiant bands as monochromatic as possible. The radius outgoing 
from the monochrome is split; the two rays are sent, one in the sample and one in the 
white. These double-ray spectrophotometers allow you to record the spectrum 
automatically and to compensate automatically the fluctuations of the lamp. The signal 
collected by the detector is then sent to the data processing system. The instrument is 
equipped with a special system for the housing of solid samples (see Figure B.10). This 
type of housing was particularly suitable for measurements on prepared nanocomposites, 
as it was possible to place the sample on one side and the matrix film on the other side. In 
this way it was possible to subtract the matrix's contribution while capturing the spectrum. 
 
 
Figure B.10 The housing area: a) sample and b) reference 
 
B.6. Fourier Transform Infrared Spectroscopy  (FT-IR) 
Fourier Transform-Infrared Spectroscopy (FTIR) is an analytical technique used to identify 
organic (and in some cases inorganic) materials. This technique measures the absorption of 
infrared radiation by the sample material versus wavelength. The infrared absorption bands 
identify molecular components and structures. 
When a material is irradiated with infrared radiation, absorbed IR radiation usually excites 
molecules into a higher vibrational state. The wavelength of light absorbed by a particular 
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molecule is a function of the energy difference between the at-rest and excited vibrational 
states. The wavelengths that are absorbed by the sample are characteristic of its molecular 
structure. The FTIR spectrometer uses an interferometer (see Figure B. 11) to modulate the 
wavelength from a broadband infrared source.  
 
 
Figure B. 11 A schematic of an interferometer used in a Fourier Transfer Infrared Spectrometer 
(FTIR). 
A detector measures the intensity of transmitting or reflected light as a function of its 
wavelength. The signal obtained from the detector is an interferogram, which must be 
analyzed by a computer using Fourier transforms to obtain a single-beam infrared 
spectrum. The FTIR spectra are usually presented as plots of intensity versus wavenumber 
(in cm-1). Wavenumber is the reciprocal of the wavelength. The intensity can be plotted as 
the percentage of light transmittance or absorbance at each wavenumber.  
FTIR analyses were carried out at room temperature using a Nexus-Nicolet apparatus, and 
selecting a wavenumber from 2000 to 600 cm
-1
. The FTIR spectra were collected in both in 
absorbance mode on transparent film obtained by dispersing the sample powders in 
vaseline (2% wt/wt) and spread between sodium chloride (NaCl) windows, commonly 
used for the FTIR spectroscopy and on thin film in transmittance mode. The samples 
preparation was done both in glove box under nitrogen atmosphere and in air, while the 
measurements were performed in air. 
 
B.7. Thermogravimetric analysis (TGA) 
Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a method of thermal 
analysis in which the mass of a sample is measured over time as the temperature changes. 
This measurement provides information about physical phenomena, such as phase 
transitions, absorption and desorption; as well as chemical phenomena including 
chemisorptions, thermal decomposition, and solid-gas reactions (e.g., oxidation or 
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reduction). Thermogravimetric analysis (TGA) is conducted on an instrument referred to as 
a thermogravimetric analyzer. A thermogravimetric analyzer continuously measures mass 
while the temperature of a sample is changed over time. Mass, temperature, and time in 
thermogravimetric analysis are considered base measurements while many additional 
measures may be derived from these three base measurements. A typical 
thermogravimetric analyzer consists of a precision balance with a sample pan located 
inside a furnace with a programmable control temperature. The temperature is generally 
increased at constant rate (or for some applications the temperature is controlled for a 
constant mass loss) to incur a thermal reaction. The thermal reaction may occur under a 
variety of atmospheres including: ambient air, vacuum, inert gas, oxidizing/reducing gases, 
corrosive gases, carburizing gases, vapors of liquids or "self-generated atmosphere"; as 
well as a variety of pressures including: a high vacuum, high pressure, constant pressure, 
or a controlled pressure. The thermogravimetric data collected from a thermal reaction is 
compiled into a plot of mass or percentage of initial mass on the y axis versus either 
temperature or time on the x-axis. This plot, which is often smoothed, is referred to as a 
TGA curve. The first derivative of the TGA curve (the DTG curve) may plotted to 
determine inflection points useful for in-depth interpretations as well as differential 
thermal analysis. 
Thermogravimetric analysis were performed by using a “TGA Q5000, TA 
INSTRUMENTS” thermobalance. Typical sample quantities were of about 5–10 mg. The 
samples were generally analyzed nitrogen atmosphere, in some case also under fluxing air, 
at rate of 10°C/min. 
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